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I ABSTRACT

I-This report covers the second part of a two-phase survey and analysis of
hydro-ski seaplane technology. It contains quantitative correlations and parametric anal-

I yses of significant data used to define optimum hydro-ski size, ski location with respect to
the strut and aircraft, ski and strut resistance, ski loads and load factors in waves, strut i1

attachment to the aircraft, -effects of strut size and length, ind ski installation weight. The-
Phase I report previously issued, contains qualitative descriptions and correlations of the - -

same information, as well as a complete bibliography of hydro-ski technology.

"J - - - These two documents contain all of the background knowledge required before
conducting general or specific design studies of hydro-ski configurations for a given set

-of design criteria, thereby eliminating the necessity for first reviewing the entire vastj literatute on seaplane hydro-skis. Simultaneously, they serve to define the state-of-the-
art in this field-and to indicate those specific areas requiring further investigation and
definition.

I.
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SUMMARY

[ This report furnishes a complete description of all work done under Phase 2 of
ONR Air Programs Contract N00014-66-C0126, thereby completing a survey of hydro-ski
seaplane technology. The Phase 1 work for this contract, covering the qualitative survey,
has been described in a companion report, Roeerence (1-1).

Phase 2 of this contract consists of a quantitative survey and related analyses.[ A prevalent feature of the present effort was in the systematic use of a digital computer for
the more complex analyses covering the basic problem areas of hydro-ski seaplane dynamics.

[These were:

a) Fixed-trim, single impacts in waves;

b) Lower trim limits of stability in calm-water high-speed planing;

c) Two-degree of freedom response while traversing a train of waves
K Lat high speed.

For each of the areas investigated in this quantitative study, the existing empirical[ information was correlated with available analytical methods, including those developed
during the course of this study.

As a result of the new analyses, successful correlations, and parametric studies
described in this report, the final principal conclusion drawn from the Phase 2 effort is that
present-day hydro-ski technology is sufficiently advanced so that the design of new hydro-ski
seaplanes can be undertaken with a high degree of confidence and without danger from un-
anticipated difficulties of an unusual nature. However, this high level of knowledge must
still be augmented by an equally high level of skill and ingenuity on the part of the designer
and, further, the analytical approaches emphasized herein must invariably be supplemented
by suitable model tests.

The main findings of each of the analytical sections of this report are

summarized below.

SSection 3: Staady-State Hydro-Ski Hydrodynamics

[Adequate theoretical methods generally exist for calculating the steady-state
hydrodynamic characteristics of basic hydro-ski forms in the fully wetted, ventilated, and
planing regimes. Further experimental and theoretical studies are desirable for improving
the calculation procedures for ventilated hydro-skis.

S-1
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I Section 4: Strut Resistance Characteristics

Strut drag estimates can be confidently made for conditions at zero yaw angle.
Further study is needed to adequately cover conditions with non-zero yaw.

Section 5: Single Hydro-Ski Wave Impacts

3 An improved procedure has been developed for calculating the time history of
fixed-trim single impacts in waves. The investigation revealed that, contrary to existing
opinion, the maximum impact load does not occur when the initial contact is made on theI mid-flank of a wave. Parametric analyses were also made to evaluate the effect of forward
speed, wave height, and wave length on maximum loads and associated wetted lengths.

Section 6: Dynamic Stability in Calm Water

The existing analytic method for calculation of the lower trim limit of stability
applies only to chines-dry planing of a conventional-hull seaplane. A corresponding method
was developed for the ski chines-wet planing of a hydro-ski seaplane. This linear analysis
was converted to a digital computer program whose output defines the lower limit porpoising
curve in the trim-speed plane. The correlations made with this program demonstrated its
effectiveness for analyzing porpoising behavior during the preliminary design phase. The

i parametric studies indicated certain important beneficial and detrimental effects of various
hydro-ski design parameters.

I Section 7: Wave Response of a Hydro-Ski Seaplane

To develop a rational method for selection of hydro-ski support strut length,
a computer program was developed for calculation of the pitching and heaving response of
a hydro-ski seaplane while traversing a wave train at constant speed, with the assumption
that no hull impacts occur. The calculate:) results were compatible with theoretical ex-

* pectations. The correlation with the available limited towing tank data was generally
favorable and reasonable explanations were established for certain discrepancies.

As a result of the difficulties involved in programming this relatively complex
non-liaear analysis, it was found impractical, within the funds available for this contract,
to conduct the desired parametric analyses.

I Section 8: Longitudinal Location of Hydro-Ski

The analysis of empirical data on hydro-ski longitud.nal location indicated
that the aircraft aerodynamic characteristics play a fundamental role in determining the
optimum location of a hydro-ski. The computer programs developed in Sections 6 and 7I are considered useful for analysis of hydro-sial location in preliminary design work.

I
1 8-2



I _Report 7489-2

I [ Section 9: Hydro-Ski Installation Weight

New and improved formulas ivere developed for correlating the weight data
for skis and struts of previous full-scile ski installations. Some approximations are also

provided for the weights of hull carryj-dhrough structure and ski retraction systems.

Section 10: Conclusions and Recommendations

As the principal result of this survey and analysis, it is concluded that hydro-
ski seaplane design technology is suffiziently advanced so that the design of a hydro-ski
"seaplane for open ocean operation car be undertaken with confidence. Recommendations
for further research are made for those areas where gaps in the knowledge still exist.

[S-
[
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1 1. INTRODUCTION

3 This report covers the work done by Edo Corporation on Phase 2 of ONR
Contract No. N00014-66-CO126. The basic purpose of this contract is to produce, by
means of a survey and analysis, a single source document defining the present state of
knowledge of seaplane hydro-ski technology.

The specific tasks assigned under this contract were as follows:

1. To conduct a literature search for all analytical and experimental data
on aircraft hydro-skis and compile a bibliography;

2. To correlate qualitatively all data relating to optimum hydro-ski shape,
spray characteristics, and longitudinal, lateral, and directional stability during take-off
and landing of hydro-ski seaplanes;

3. To correlate quantitatively all data relating to hydro-ski size. ;ki
location with respect to strut and aircraft, ski and strut resistauce, ski loads and load
factors in waves, strut attachment to the aircraft, effects of strut size and length, and

I ski installation weight.

The first two of these tasks, accomplished under Phase I of this project, have3 been reported in Reference 1-1.

The fundamental viewpoint underlying the entire Phase 2 quantitative study
revolved around the adequacy of existing analytical methods and empirical data for the
establishment of preliminary hydro-ski seaplane configurations. Based on this viewpoint.
the complete range of hydro-ski technology was critically examined, beginning with the

I fundamental topic of the hydrodynamic lift of a planing surface and ending with the pitching
and heaving motions of a hydro-ski seaplane in rough water. This review revealed that
several important information gaps in hydro-ski technology still existed and that. corres-

I pondingly, a number of original analyses would be required.

A program plan was then established for the executi, of the technical effort.
I This plan treated the dynamics of the hydro-ski seaplane in a progressively complex

manner with respect to the aircraft's degrees of freedom and possible motions.

I The program plan covered the following major problem areas:

A. Fundamental considerations in the design of hydro-ski installations,
I including principles of bydro-ski sizing and location;

I
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B. Steady-state hydrodynamic characteristics of hydro-skis, i. e., lift,
drag and center-of-pressure values for steady planing and submerged conditions;

C. Steady-state resistance characteristics d hydro-ski support struts;

D, Single impacts of fixed-trim hydr--slds (smooth and rough water
condi`Ions);

E. Planing stability of "skeleton" hydro-ski seaplanes (two degree-of-
freedom linearized dynamics, smooth water condition);

F. Wave reaponse of "t!eleton" h.dro-s M ieaplanes (two degree-of-
freedom non-linear dynamics, rough water nondition);

G. Survey and analysis of hydro-sk! installation weights.

For each analysis, the following general p.rocedure was utilized:

a. Suitable analytic expressions, either prevaeusly established or newly

I developed, were defined, as required;

b. Where necessary or desirable for the particular analysts, a computer

program was developed,

data; c. Calculations were then made using, as inputs, values for avail.h)a test [
data;i

d. Calculated values, such as loads, time histories, etc., were compared
I with the test results;

r e. These correlations were then used to assess the validity of the analyses;

f. The computer programs were then used to perform pertinent parametric
S[rstudies and the significant results of these studies were discussed.

It will be seen in the body of this report that these analyses have led to much
further unification and amplification of hydro-ski knowledge and, further, have produced a
number of results directly useful in design.

This report ends with a series of significant conclusions and specific recom-
mendations for further experimental and analytical work in hydro-ski technology.

1

[12
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F 2. FUNDAMENTAL CONSIDERATIONS IN THE DESIGN OF HYDRO-SKI INSTALLATIONS

[ 2, 1 INTRODUCTION

For the guidance of the hydrodynamics engineer, this section Oescribes a numberC iof fundamental considerations that must be made during the design of hydro-ski installations,
as related to actual seaplane operations (take-off, landing and taxiing) in smooth and rough
water, then presents the general sequence of design procedures, and finally discusses the'
analytical and/or experimental investigations that must be covered in the design phase.
Among other things, this discussion explains the pertinence and use of the analyses and
computer programs developed during this study contract. In addition, it proposes a new
method whereby tank tests can be combined with computer calculations to obtain important

information on hydro-ski seaplane hull loads, a subject not covered in the present state-of-
the-art.

In kueping with the later sections of the report, emphasis is placed on the longitu-
dinal characteristics which are obviously more basic than the others. A principal purposerof this discussion is to clarify the often conflicting hydrodynamic requirements for hydro-ski
installation geometry in a systematic manner. It will be seen that most of the problem areas
are susceptible to individual analysis but a standard procedure for the complete resolution( rand synthesis into an optimum system has not yet been achieved.

2.2 DESIGN PROCEDURE SEQUENCE GUIDELINE

hi: Figure 2-1 presents a block diagram of the sequential procedures that will generally
be followed during the hydrodynamic configuration development phase in the design of an
operational hydro-ski configuration. Table 2-1 presents the associated nomenclature code.SThe analytical studies are seen to consist of a set of preliminary and final calculations.

r The preliminary calculations establish approximate values for the hydro-ski size,
the adequacy of the aircraft roll and yaw control in calm water conditions, and the hydro-ski
load factor in high speed impacts. The latter calculation also determine$ the necessity for
a "variable-area" hydro-ski if it is found that, using the ski size required for the desired
unporting speed, the maximum load factors developed in high speed (landing) impacts exceed
their desired design value. A variable-area hydro-ski utilizes a suitable mechanical ar-[ rangement to provide two different areas: a large one appropriate for speeds near unporting
and a st.all one for speeds near getaway.

Utillzing the results of the preliminary calculations, more precise and definitive
analyses of the longitudinal dynamic characteristics may be undertaken which will result th
prediction of the lower trim limits of stability and the degree of rough water capability.
Evaluation of the results for both the preliminary and final analytical studies will permit the
final selection of the hydro-ski seaplane configuration on which dynamic model towing tank
tests should be conducted.

- I
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Figure 2-1. Hydrodynamic Design Sequence
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TABLE 2-

CODE FOR FIGURE 2-1(A)

=importing trim1.
V unporting speed

[ W = aircraft weightj

LA = aerodynamic lift

[ (.F=O) = lift equilibrium

(I M = 0) = pitching moment equilibrium

•A1 = distance from strut to hull afterbody step

I S = hydro-ski area

' [ sC = beam loading cefficient

I strut length

'I' angle ofyaw

ILV getaway speed

V = sink speed

n = maximum impact load factor
IL imax

The primary purpose of towing•tank tests is to serve as a check on the results of
the theoretical investigation. As such, it can be anticipated that from these tests, some
modifications to the configuration may result, particularly from those aspects of the flow
characteristics, such as spray impingement effects, which cannot be readily considered in
the mathematical model of the dynamic analysis.

The remainder of this report xection furbisles a detailed description and explana-[ tion of the steps illustrated In Figure 2-,L.
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2.3 SELECTION OF UNPORTING SPEED AND SKI DIMENSIONS

2.3.1 Basic Problem Statement

Although some hydro-ski installations are optimized to permit calm-water take-
offs because the basic aircraft configuration is inappropriate for a hull-type installation,
the basic purpose of a seaplane hydro-ski is considered in this report from two funda-
mental viewpoints, both of which concern load alleviation in rough water. From one view-
point, the primary function of a hydro-ski is to raise the hull clear of the waves in the high
speed range. If this is not done, excessive loads and motions would occur under hull
impacts. From another viewpoint, the primary function of a hydro-ski is to strike the water
surface first so that, should the hull make contact, the sink speed would be greatly reduced,
thereby resulting in only moderate hull impact loads. Basically, both concepts represent
two ways of stating the same effect. but the former is more descriptive of a rough water
take-off, while the latter describes the situation during a rough water landing. Both
statements revolve around the fact that significant water impact accelerations can be
developed in either situation. It follows that one of the primary concerns of the hydro-ski
seaplane designer is the selection of the hydro-ski size for which, in the specified critical
sea state, the design maximum loads for hydro-ski and hull impacts will be the same.

Thus, too large a ski will protect the hull from direct water impacts but hydro-ski
impacts will be greater than they need be, while too small a ski will result in low hydro-ski
impact loads but no substantial hull load reduction over that for a conventional seaplane. It
will be evident from the following paragraphs that. in the present state-of-the-art. there is
no straightforward solution to this fundamental design problem area.

2. 3. 2 Rough-Water Hlull Loads vs. Speed

The variation of hull rough-water impact loads with speed and hydro-ski size is
of obvious importance in connection with the selection of unporting speed and ski dimensions.
However, primarily because of the scarcity of experimental data relating to this subject.
definitive approaches to this problem area could not be established in tile present project.
Since data on hull impact loads are important for optimum structural design, a procedure
is proposed below which will provide hull impact design load data for hydro-ski seaplanes.

A computer program is presented in Section 7 which calculates the hydro-ski loads,
aerodynamic loads, and aircraft accelerations and motions generated on a skeleton (i. e.,
non-wetted hull) hydro-ski seaplare traversing a wave train at speeds above unporting. It is
obvious that this computer program can be readily transformed into another which will de-
termine the instantaneous hydro-ski and aerodynamic loads corresponding to a known time-
history of aircraft motions relative to a wave surface.

Now, if the known time-history of aircraft motions (relative to a wave surface) fed
into the computer program consists of recorded data from towing tank tests of a model hydro-
ski seaplane, the computer can be utilized to establish the associated magnitudes of the hydro-
ski and aerodynamic loads. However, as the accelerations recorded in the towing tank tests
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also include the effect of hydrodynamic impacts on the hull, subtraction of the calculated
hydro-ski and aerodynamic loads will permit the determination of the magnitude and loc-.ion
of the resultant hull impact loads.

As the hull bending moments are of primary interest for structural design, the
towing tank model hydro-ski seaplane should also incorporate instrumentation for measuring
the bending moment at selected stations or, as a minimum, for indicating the instantaneous
location of hull wetted areas. These data will then allow the rational distribution of the re-
sultant hull impact loads, especially if they are found to act simultaneously on separate
forebody and afterbody regions. In this approach, it is assumed that any spray loadings on
portions of the aircraft model are comparatively negligible, i.e., that hull wetting is pri-
marily associated with direct hull impacts.

The procedure just described can be used for general parametric studies of ski-
hull load equalization and/or studies of particular seaplane designs. Particularly in the
latter case, it should be made an integral part of the model test procedure so that the effects
of varying the ski parameters (as required for load equalization and which also automatically
determine the unporting speed) on the other hydrodynamic qualities (planing stability, etc.)
could be simultaneously assessed.

2.3.3 Rough-Water Ski Loads vs. Speed and Beam Loading

A basic problem confronting the hydro-ski designer is the selection of the hydro-
ski size, or beam loading, compatible with reasonably low impact load factors. Since, under
operational conditions, maximum hydro-ski impacts occur from wave contacts, analyses
must be conducted to assure that excessive load wave impacts do not occur during the high-
speed portion of the %ake-off or landing run.

As mentioned in Section 2.2, these analyses can be conducted from both a pre-
liminary and final calculation aspect. in which single-impact time-history calculations are
made in the preliminary phase. A computer program for these calculations is established
in Section 5 of this report.

Although the fixed-trim wave-impact time-history calculations correlate well with
experimental data, its use in hydro-ski seaplane configuration development is limited to the
preliminary design phase only. The reason is that the approach parameters (sink speed and
trim) for any single impact are arbitrarily selected and do not necessarily represent the
natural dynamic response values that will occur when running through a train of waves.
Rational calculations for landing in a wave train can be performed by the more complex two
degree-of-freedom non-linear program developed in Section 7.
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I 2.3.4 Upwrting Speed and Ski Beam Loading

The hydro-ski unporting speed is a fundamental design parameter. When properly
selected and achieved, it represents the speed above which a properly designed hydro-ski and
strut combination will shield the hull from critical impacts in the design sea state. Although
this implication is basic to unporting speed selection, unporting speeds have invariably been
related to the calm water condition because of its relative analytical simplicity.

The standard procedure- for calculation of the hydro-ski size, or beam loading, D;J to assume a "stick-fixed" take-off. That is, the side view drawing of the hydro-ski seaplane
is laid out at that trim in which the level water line touches the ski bow and the afterbody
step. From the considerations of static force and moment equilibrium, the required hydro-f ski lift for various unporting speeds is established while accounting for the wing aerodynamic
lift and the afterbody hydrodynamic lift. Having determined the required hydro-ski lift, the
Shuford planing lift equation (with suitable modification as required for more complex ski
shapes) (Section 3) can be employed to define the corresponding beam loadings associated
with a range of hydro-ski lengths.

It may be found that the determined hydro-ski beam loading corresponding to the
selected unporting speed is incompatible with the load factor limitation established as de-
scribed in the preceding paragraph. - Judicious adjustments in hydro-ski dimensions and/or
the design unporting speed may then be considered to achieve tue desired compatibility. It
is sometimes necessary to employ a "variable area" hydro-ski to satisfy the conflicting beam

i loading requirements betwern unporting speed and maximum hydro-ski impact load factor.

2.3.5 Ski Area, Lengtb, and Miscellaneous Parameters

It is now evident that several configuration parameters can be varied foro. the pur-
pose of developing the desired performance characteristics. For example, hydro-ski lift
may be increased by increasing the beam or incidence, or decreasing the deadrise. Each
parametric variation may introduce detrimental effects under other conditions, so that
trade-offs must be continuously evaluated.

I Consider, for example, the situation in which it is desired to reduce the unporting
speed by increasing the hydro-ski area. This may be accomplished either by increasing the
hydro-ski beam or tength. Because of aspect ratio effects, changing the beam is a more
efficient way of accomplishing a change in lift. However, this approach will also invariably
result in an increase in the maximum impact loads occurring in single impacts and in rough-
water taxiing. Consequently, the final choice may involve an increase in hydro-ski length.
Therefore, due to the complex relationships existing between the various hydro-ski para-
meters, with respect to their relative effectiveness, compromise adjustments in the hydro-
ski configurations will be made, where more than one basic dimensional parameter is si-

I multaneously varied in order to obtain the necessary or desired hydrodynamic characteristics.
By referring to Sections 3, 5, and 6 of this report, considerable guidance for the quantitativeI effects of varying hydro-ski parameters may be obtained.

I 2-6
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2.4 SELECTION OF SI LOCATION

2.4.1 Unor-tl•ng Trim Anxle

The simple procedure described in para. 2.3.4 for preliminary estimation of the

hydro-ski dimensions to accomplish unporting at a specified velocity involves drawing a pro-r file of the hydro-ski seaplane in the unporting attitude. The geometry assumed is fairly
representative of the actual attitude observed in towing tank tests, which, of course, simu-
lates a fixed-stick take-off. This may not necessarily be the case under prototype opera-
tional conditions, since elevator control may be applied by the pilot to keep the bow down, so
that there is no rapid pitch-up to the unporting attitude, and the hydro-ski is brought to the
surface planing regime without the afterbody contacting the water.

For hydrodynamic design purposes however, the towing tank situation at unporting
is considered, since its associated greater trim implies a conservative drag condition and

- the possibility of wing stalling will then be more closely examined. Furthermore, designing
for a "two-point" unporting attitude reduces the pilot skill required for successful unporting.

L 2.4.2 Vertical Location

E 2.4.2.1 Hull Clearance

The vertical location of a hydro-ski (or, equivalently, the strut length), is obvi-
onsly a primary factor affecting the rough water capability of hydro-ski seaplane configuration.[ Nevertheless, other considerations will limit the maximum strut length that may be designed
for any particular aircraft. For example, it is obvious that, for any specific hydro-ski in-
stallation, a strut length can be reached which, because of the associated drag and bow-downr [ moment, will prevent the trimming up motion necessary for ski unporting. As the bow-down
moment is caused by the resultant force vector from the strut and hydro-ski passing too far
aft of the c. g., it is sometimes possible to alleviate this situation by a further forward loca-

4 L tion for the ski.

The striý length is limited to that value for which corresponding unporting trim
does not result in wing stalling. Otherwise, as the unporting attitude is approached, the

- wing lift will drop off, which increases the load on the ski and cause it to resubmerge, re-
sulting in an-emergence instability. The maximum strut length selected in accordance with
this requirement (avoidance of wing stall at importing) then must be investigated relative to
the rough water capabilily when ski-borne, since its primary function is to keep the hull
clear of wave impacts. The exact relationship between strut lengh and sea state negotiability

Shas not been previously established either empirically or analytically.

The approximate "rule of thumb" relationship used in the past states that the wave
L [ height capability of a bydro-ski seaplane is equal to its strut length. In retrospect, as indi-

cated in the Phase I report para. 4.3.2.2, it seems that this design guideline is more ap-
! [ propriate to a penetrating hydro-ski installation where, because of the high beam loading,
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I the aircraft tends to "plow through" the waves. With lower beam loadings (corresponding to
large hydro-skis), the aircraft tends to rise over the waves so that for this type of installa-
tion the strut length can presumably be less than the negotiated wave height. -

2 The foregoing empirical criteria may be used for estimating the proper strut
length during the preliminary design phase of hydro-ski configuration design. During the
later design phases, where investigations are conducted to ensure that the configuration will
satisfy the specified rough water conditions, an analytical study of the seaplane's wave re-
sponse characteristics based on the method presented in Section 7, should be undertaken.

I 2.4.2.2 Lateral Stability Effects

Having established a strut length for a particular hydro-ski which satisfies the
rough water and longitudinal stability requirements, it may be found that when the aircraft
is yawed, the rolling moment generated by the hydrodynamic side forces on the strut and

Sski is sufficiently large to introduce lateral stability problems.

To overcome the rolling tendency in yawed attitudes, adequate aerodynamic con-
I trol is required. The two critical regimes for roll instability are at unporting and landing.

In the first case, unporting may be difficult, even under a moderate amount of yaw, if
ailerons are ineffective at the associated, speed. In this case, it may be necessary to
consider such design changes as :ncreasing aileron size, decreasing the strut length, or
increasing the unporting speed. In the second case, if a yawed landing is made, although
ailerons are effective, it must be demonstrated that adequate restoring moment can be
developed. Furthermore, it is also necessary to demonstrate, either by calculations or
model tests, that, even though aileron control is adequate, the aircraft will not roll exces-
sively.in a moderately yawed landing before the pilot is able to respond and apply corrective

I control.

2.4.3 Longitudinal Location

I 2.4.3.1 Aircraft Longitudinal Control

Throughout the take-off regime., the hydro-ski and/or strut develops a continuously
varying pitching moment about the aircraft center of gravity. It is clearly desirable that
the hydro-ski be installed in such a position that the magnitude and direction of the moment

I naturally tend to assist the aircraft in maintaining a trim attitude variation which results in
the shortest take-off run. As this ideal situation is unlikely to be realized in a stick-fixed
take-off, the pitching moment generated by the hydro-ski and strut for the longitudinal

I position selected should at least permit pilot controllability of the trim. This aspect of the
design is usually investigated in towing tank tests, where the effect of different elevator
deflections on the take-off process can be evaluated.I

I
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[ 2. 4. 3. 2 Static Stability and Forward Location Limit

To counteract the moment from the drag forces acting on the submerged strut[ and hydro-ski, the longitudinal position of the hydro-ski is generally located somewhat for-
ward of the aircraft center of gravity. The precise location of the hydro-ski is usually
established from towing tank tests, wherein the stability characteristics for different fore[ and aft ski positions are observed, and the optimum location selected.

In a basic research tank test program on the effect of hydro-ski beam loading on
rough water landing characteristics (Reference 2-1), it was established that, as the beam
loading increases, a more forward position of the hydro-ski is required to prevent diving.
This behavior is evidently a consequence of tke increasing penetration afforded by higher
beam loadings in which, because of the greater amount of strut wetting, the strut drag plays

a greater part in the inclination of the rE sultant hydrodynamic force vector from the hydro-
ski and strut. This towing tank investigation on the effect of systematically varying the[ hydro-ski beam loading demonstrated that, for any specific aircraft, the optimum longitudi-
nal location of the hydro-ski is dependent on the value of the beam loading coefficient. In the
study of Reference 2-1, landing tests in waves were conducted, and it was found that, for
any longitudinal ski position, if the hydro-sk beam loading were too low, rapid pitch up
motions would occur and that too high a beam loading would result in diving. It was therefore
established that, as compared with large (low beam loading) hydro-skis, the optimum center

Sof pressure locations for penetrating (high beari loading) hydro-skis, are further forward.

This result could have been anticipated since, for a constant strut length, with
higher ski penetration, the greater the average wetting of the hydro-ski strut, thereby
contributing a larger resistance component which increases the strut-ski resultant load
inclination. The net effect is to apply a bow-down moment, so that to compensate, the ski

3 has to be located in a somewhat more forward position. It is finally important to note that,
with a ski in a relatively forward position, increasing ski incidence is also effective in pre-
venting diving.

[ 2.4.3.3 Dynamic Stability and Aft Location Limit

A well-known phenomenon in seaplane behavior is that of "lower limit" dynamicr instability, commonly known as "porpoising". It is generally found that, as the static
equilibrium planing trim is reduced (at a fixed speed), a trim value is reached below which
a build-up in pitch and heave oscillations occurs. It is well-known that this instability is

f related to dynamic effects, and a relatively comrlex dynamic analysis (including aerodynamic
contributions) is required to establish the precise location of the porpoising limit in the
trim-speed plane.

A computer program for this analysis is presented in Section 6 of this report and

shown to yield good agreement with test data. The study of that report section reveals the
existence of a new factor conducive to porpoising. It is found that, for equilibrium trim
angles in which the wetted area is entirely within the triangular region of a hydro-ski having
a triangular stern planform, the stable portion of the planing region becomes severely
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I limited for a sufficiently aft location of the hydro-ski. It is thus deemed necessary to con-
duct the dynamic analysis of Section 6 for ea,.h specific aircraft employing a hydro-ski, and
all the more so for skis with stern planform taper, to establish the range of aft ski locations' which will cause this mode of dynamic instability.

2.4.3.4 High-Angle Porpoising

I At any speed in the ski-borne range of a hydro-ski seaplane, there exists a trim
at which getaway will occur provided that trim does not correspond to wing angles of attackJ in the stalled range. It is possible however that, before the flying trim is reached, the con-
figuration is such that the hull afterbody contacts the water surface and initiates a porpoising.
action. This "high-angle porpoising" is less likely to occur in hydro-ski seaplanes because
the strut places the hull at a substantially higher elevation than would be the case for con-
ventional seaplanes at the same speed.

However, the possibility of high-angle porpoising should always be checked out in
the course of the towing tank mc.'lel test program because no method of analysis for this
problem is available in the present state of the art. Reference 2-2 presents an example in

which high-angle porpoising occurred in a hydro-ski configuration. This configuration con-
sisted of a hydro-ski in an extreme forward location and a hull with an extreme aft step.
The towing tank tests showed that the hydro-ski wake interacted with the hull bottom to
cause unsatisfactory pitching behavior.

2.4. 3. 5 Directional Stability Effects

SIt can be geiierally assumed that when the aircraft is yawed and portions of the
hydro-ski and strut are wetted, the center of pressure for the resulting side load will be

i forward of the aircraft center of gravity. This destabilizing effect introduces the possibility
of direction'.1 instability.

this situation is usually evident on hydro-ski seaplanes during the landing run-out
of a hydro-ski seaplane, when the forward speed is reduced sufficiently to cause submer-
gence of the hydro-ski. At that time, because of the inadequacy of rudder control, a definite
"hooking" motion will take place. Fortunately, because of the associated rapid deceleration,
the only effect is one of personnel discomfort. However, there are two instances in hydro-
ski seaplane operation where such a hooking tendency is less tolerable, one of which isI potentially catastrophic.

The first case considered is that which can occur just prior to unporting. If an
aircraft yaw attitude is developing as the unporting speed is being approached, the asso-
ciated destabilizing moment may reach a magnitude sufficient to cause aborting the take-off
because of the excessive drag resulting from the asymmetrical attitude by the yawing moment,
Piloting techniques, such as selection of the initial heading with respect to the wind, are
usually adequate to compensate for this effect.

1 2-10
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A more serious design consideration is a yawed attitude in a rough-water landing
in which the ski and strut can submerge at high speed. This has already been discussed
with respect to lateral stability effects in para. 2.4. 2. 2. In this same situation, relatively

r forward locations of the hydro-ski and strut also tend to induce hooking at high speed which,
of course, would be extremely dpngerous. It is therefore necessary, in designing a pene-
trating hydro-ski installation, to insure that, when ski and strut submergence occurs at

Ihigh speed, the pilot can bring the resulting unstable motion under control.

2.4.3.6 Correlation of Empirical Data on Longitudinal Ski Location

Although it is obvious from the preceding discussion that very many considerations
enter into the choice of longitudinal ski location, it was hoped that an empirical correlation
for this quantity could be established from existing geometrical data for previous ski instal-

lations. Such correlations, using single geometric parameters, were attempted, as
described in greater detail in Section 8 of this report. These attempted correlations were
unsuccessful and the lack of success was attributed to the multiplicity of parameters (par-
ticularly, the aerodynamic parameters) which actually affect ski location.

2.5 SPRAY CONS2DERATIONS

The spray characteristics of any seaplane configuration are of vital importance
to its successful performance. Excessive spray can result in large drag increments,
obscurement of pilot vision, structural damage and unstable behavior, any one of which, if
appreciable, can render the aircraft unacceptable. The spray behavior of a hydro-ski sea-

r plaine configuration is generally evaluated in the course of the towing tank investigation.

It has frequently been found that the spray characteristics observed on hydro-ski
seaplane tank models are optimistic with respect to prototype behavior. This situation can
usually be attributed to the lateral and directional restraints generally imposed on the model
during its tests. A clear example of this type was furnished by the Grunberg hydrofoil
system on the JRF-5 airplane. This configuration employs a main supercavitating hydro-

foil and two bow hydro-skis. The model tests of this configuration (Reference 2-3) showed
very mild spray created by the bow-ski unporting, whereas the corresponding prototype
spray was intolerably severe. This difficulty was overcome by reduction of ski incidence,

I elimination of the ski pointed trailing edges, and addition of chine strips.

Towing tank studies have been conducted to establish parametric relationships for
the spray characteristics of planing surfaces. These studies are conducted for the utilization
of their data for the prediction of full-scale geometry and associated effects. However, the
results of these studies must be carefully interpreted, as shown by the following two
specific instances of contradictory conclusions regarding the effects of certain hydro-ski
design details on spray behavior.

SThe first case concerns the effect of horizontal chine flare on the height of the
main spray. From the towing tank tests of prismatic planing surfaces in Reference 2-4 and
2-5, it was concluded that horizontal chine flare is ineffective in reducing the spray height
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of the basic deadrise sections. Nevertheless, in the full-scale tests of Reference 2-6, the
observations conclusively demonstrate that hydro-ski chine flare effectively minimizes the
main spray height.

I The second example concerns the effect of vertical chine strips on suppression of
main spray height. From the tow tank test of Reference 2-4, it was reported that 2. 2 to
5. 5 percent beam width vertical chine strips are effective in reducing spray height. How-I ever, in the tow tank tests of Reference 2-5, where 4 percent beam width vertical chine
strips were attached to the prismatic deadrise planing surface; it is reported that vertical
chine strips have a relatively small effect. A further examination of these two references
reveals that the conclusions of Reference 2-4 are based upon trims of 8, 12, and 15 degrees.
The conclusions of Reference 2-5 are based upon trims of 6, 18, and 30 degrees, in which

I main spray height reduction at the lowest tested trim is noted in the body of the report.

From the foregoing, it appears that, pending further detailed investigation of the
subject, both chine flare and vertical chine strips are effective in reducing main spray
height at the trims generally associated with hydro-ski operation.

The spray burst associated with the unporting of a hydro-ski has also been a
source of concern to the hydro-ski designer. For large, low-beam loading hydro-skis, a
"slotted bow" has proven effective, (Reference 2-7), whereas this device resulted in no
improvement when applied to a penetrating-type hydro-ski (Reference 2-8). It must be
noted, however, that the unporting spray from the basic penetrating (high beam loading)
hydro-ski was much less severe than that from the basic low-beam loading ski.

j 2.6 SKI INSTALLATION WEIGHTS

Of considerable importance in preliminary design work is the ability to make
reasonable weight estimates for hydro-ski installations. For this purpose, a survey and
analysis has been made of such weight information for previous ski installations. This area
is covered in Section 9 of this report which describes new empirical formulas which furnish
close correlations for the individual weights of skis and ski support struts. It is empha-
sized that these formulas are conservative bezause of the vast bulk of the prev'ious instal-
lations used retrofitting of the skis to existing hull seaplanes.
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3. LONGITUDINAL HYDRODYNAMIC CHARACTERISTICS3 OF ISOLATED HYDRO-SKIS

I 3.1 HYDRO-SKI FLOW REGIMES

In this report, a "hydro-ski" is defined as a hydrodynam... lifting surface of low
total aspect ratio, as opposed to a hydrofoil which has a large total aspect ratio. In this
definition, the aspect ratio A, is taken as the square of the maximum transverse dimension

I divided by planform area. The division between the two categories may be taken, somewhat
arbitrarily, as A = 1.

Speaking most generally, the nature of the flow and, consequently, the pressures
and loads developed by a hydro-ski, depends in a complex manner on a number of para-
meters. In addition to the parameters defining the ski geometry, of which the principal ones

i are the ski beam, total length, and deadrise, the type of flow varies with the speed (relative
to still water), the trim, and the draft (depth of lowest point on ski). In this report section,
attention will be limited to steady-state flow conditions in which the ski moves at constant
speed parallel to the (still, horizontal) water surface and, also, to the condition of positive
ski trim (angle between ski keel line and water surface).

The physical nature and the relations between these flow regimes have been in-
vestigated for a few hydro-ski shapes of simplified geometry. These investigations have
served to indicate the principal types of flow regimes which may be described qualitatively,
as follows:

1. PLANING

I For drafts not exceeding the height of the total vertical ski projection, the ski acts
as a planing surface and the flow at the forward portion of the water line is not affected by

If the proximity to the ski leading edge. This condition is maintained for all positive trim
angles.

3 For slightly greater drafts (ski leading edge, L. E.) either directly above, at, or
below the water line), the flow remains basically of planing type but can be affectAd by the
details of the water flow around the ski L. E. and, therefore, is sensitive to the details of

S the ski L. E. geometry as well as the trim angle.

2. SUBMERGED

I For still greater drafts, i.e. submerged ski, several different types of flow are
possible, depending on ski draft, trim, and speed, as follows:

I
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[ A. Fully Wetted Flow

At all drafts and relatively low speeds and trim angles, there occurs "fully
wetted" flow wherein both upper and lower surfaces of the ski are wetted. In this condition,
the flow is generally similar to that over a low aspect ratio airfoil. These flows are char-
acterized by the presence of trailing vortices which, in the vicinity of the ski, take the form
of a vortex sheet. Further downstream, the vc-tex sheet rolis up into two separate "tip"
vortices or "vortex cores". At sufficiently shallow drafts, the reduced pressure inside the
tip vortices is adequate to induce a flow of air from the surface into the core regions so that
these vortices become aerated. However, at the lower trims, the spreading of the vorticity
inside the vortex sheet near the ski prevents this air from reaching the ski itself. As the
ski trim is increased, the aerated rolled up vortices approach the ski until, at some par-
ticular trim value, they reach the ski and the entrained air then spreads over the upper
surface, finally resulting in a "ventilated flo,", condition. The conditions associated withI ventilation inception are discussed in more detail in Section 3.3. 2.

B. Ventilated Flow

In the ventilated flow condition, the upper surface of the ski becomes com-
pletely exposed to the atmosphere. Excc"nt for a narrow sheet of water which is thrown over
the ski L. E., this flow Is very similar to , Oe planing type of flow.

C. Cavitated Flow

I -At deeper dripihs, it becomes more difficult for air from the surface to reach
the trailing vortices and the ski. in this case, the vortices tend to develop cavities which,
instead of air, are filled with water vapor. Again, sufficient increase of trim and/or speed

I will spread the trailing cavities over the ski's surface until the latter is completely cavi-
tated, i.e., covered by an underwater cavity (containing water vapor) of some finite extent.
The length of this cavity is determined primarily by the "cavitation number", defined as the

'pL ambient static pressure divide I by the dynamic pressure, and increases as the cavitation
number decreases, for example, with increase of speed. It is obvious that, for comparable[ trims and speeds, the lift on a cavitated ski is greater than that on the same ski when ven-
tilated because of the reduced pressure on its upper surface.

The preceding description of the main flow regimes has been deliberately re-[ stricted to the case of uniform horizontal motion of the ski. For most eneneering purposes,
It is sufficiently accurate to assume that, in the case of non-uniform motions, the latter are
quasi-steady so that the flow regimes are the same as those prevailing under equivalent

• stuedy flow conditions. Some exceptions of this rule are utilized later on and will be justified
when neressary.

3-2 1
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3.2 PLANING CONDMiON

The steady state force and mnoment characteristics of planing surfaces in uniform
horizontal nmotior, have been investigated many times in the attempt to formulate accurate
analytical expressions for these quantities. The particular analytical expressions which
furnish the closest approximation to the measured values appear to be those developed by
Shuford in Reference 3-1. These are a set of semi-empirical formulas for the lift, drag,
and piching moment on planing surfaces of rectangular and triangular planforms and having
constant deadrise.

According to Reference 3-1, the dynamic lift coefficient of such planing surfacesis given by:

CL L/qS

=C 1 + CL2

where: CL - r Cos 2 1- sin ()

L 2 -1 7l+A- Rcs (si/e)

SCL2= CD,'C sin 2 r cos T cOS Be

S and: r= trim angle, radians

$e= effective deadrise angle, radians (angle between line
joinin[: keel and chine and the horizontal)

A = wetted aspect ratio, b/I

I b = beam at waterline

SI = mean wetted length

S = wetted area = bi , for prismatic surface,

= bI m/2, for triangular surface

Aiso, Ir=

J where k= wetted keel length

c= wetted chine length

33-3
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[The quantity, CD. C' is a cress-flow drag coefficient whose numerical value

depends on the shape of the ski bottom cross-section. Figure 3, page 33, Reference 3-1,
[ shows these values for various oottom shapes. Of particular interest is the value for sur-

faces with straight vee-bottoms and sharp chives:

C 4/3

In addition to the dynamic -lift coefficient, there is an additional static lift coefficient -

due to the effective buoyancy of the planing surface. This quantity, of importance under low-
speed conditions, is found to be one-half of the geometric buoyancy, Where the latter is de-

r fined as the displacement of the wedge-shaped volume between the wetted lower surface of
the ski and the undisturbed water line. The analytic form of this quantity for a-prismatic
ski with flat bottom is: •

CL[C B B/2qS
'm• 41- sir.2r

F = (~(b C2)si2

where CV speed coefficient = V[g-b- -

The drag coefficient of the planing ski-can be written WS:

CD = D/qS

SCf+CL tan T

where C is the familiar skin friction coefficient dependent directly on the ski Reynolds

Number:

R= Vim/1

"[ where dynamic viscosity of water.

* gvebyThe center of pressure locations, measured from the ski trailing edge, are
I, given by:

I cp m Li7/8) CL + (1/2) CL2]/(CL1 CL2' ,(rectangular planform)

[
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and /cp/ = [m CL1 + (2/3) CL2]/(CL1 + CL 2 ) ,(triangular planform)

While the foregoing equations are relatively simple in nature, their application in
specific calculations is rendered difficult by the fact that the quantities, Ik and I , are not

defined analytically in terms of the geometric parameters (draft, trim, etc.). More speci-
fically, whereas Ik can be taken as approximately equal to d/sin r , (d = draft) the value

of 1 depends on the so-called "wave rise" effect, associated with the high pressure pre-c
vailing at the ski intersection with the waterline. If there were no wave rise, 1 would be

c
defined by the purely geometric relationships, as:

k c 1 tan
b 2 tan T

whereas, according to the well-known Wagner theory, the wave rise increases the wetted
width in the chines dry region by a factor of 7r /2, so that:

'k-Ic _ 1 tan
b 7r tan r

However, as shown in Figure 18, Reference 3-1, the experimental values of
(1k - I c)/b exhibit a complex dependence of this quantity on P and r and, furthermore,

they are also dependent on I /b. To simplify the application of Shuford's formulas, them

experimental values of (Ik - Ic)/b shown in Figure 18, Reference 3-1, can be (somewhat

crudely) approximated, if desired, by the following expressions:

(Ik -1)/b = .085 (/30°)

Ik c c n tan/ 3

b ?r tan r

where, as shown here in Figure 3-1, the correction factor, n, depends only on )9 and r

It is obvious that, for hydro-skis, a precise knowledge of the wetted chine length,
Ic, is only required for low values of 1k/b, for example, when planing very close to getaway

speed or during the very initial stages of an impact process. Further, as will be demon-
strated later in this report, most current practical interest is in hydro-skis of very high
beam loadings which are not necessarily dependent on the addition of deadrise for their
impact load alleviation capability. Finally, noting that, so far as can be established from
available data, the correction factor, n, is less than one, it appears that a convenient

approximation for the wave rise effect is to assume "full wave rise, " i. e.
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3 so that

Any substantial inaccuracy inherent in this approximation will then be limited to very low
trim angles and/or very low wetted keel lengths.

This approximation has been used throughout the remainder of this report.

3.3 SUBMERGED CONDITIONS

N 3.3.1 Fully Wetted Condition

I 3.3.1.1 Lift Characteristics

A semi-empirical expression for the lift coefficient of a fully-wetted submerged
ski has-been derived and validated in Reference 3-2. This expression, valid only for flat
(uncambered) skis with zero-deadrise and rectangular planform, is:

S=K3 27rK2-A + .8- .TCsinT SI CL= 31~KA .

221
where A = b /S, and K2 and K3 are certain theoretical correction factors. K2

depends on the draft and trim, while K depends on draft, trim, and aspect ratio.
.3

As most practical skis have A < 1/3, little accuracy is lost by neglecting the
-term, (A/10), so that:

2 I K 2A 8.2
C L = K3 (1 +A) +2K2 T+-3 sin r cos

The function, K., is defined as:

K 4f2 + 8f sin r+ 1
S4f 2 +8f sinr+2

where f = d [ l+ sin 05)]4 (d .0

and d is the depth of the ski (flat plate) leading edge expressed as a fraction of the ski
length.

1 3-7
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As defined in Reference 3-2, K is a complex function of f, r , and A. However,

for A • 1/4, the values of K3 are nearly independent of A and, further, for r < 200,

[are nearly independent of r . Hence, in these parameter ranges, K3 depends only on f

and, for 0 < f <1, can be approximated closely by the simple expression:

K3 =1- .5e-7.28f
?3

The preceding lift coefficient formula must be modified for application to more
complex ski shapes. Of the more signmicnmt ski geometric parameters affecting ski lift,
longitudinal camber has been the only parare'er systematically investigated (Reference
3-3). This investigation covered the p.Iects of tdding upper surface camber to a flat plate
of A = 1/4 on its hydrodynamic characteristics a% a single depth/chord ratio-of .42. The
effects of upper surface camber on the ski lift cu .ve at this depth are shown here in Figure
3-2. It is seen that, at the low angles of attack (.Tim angles), the upper surface camber

produces the well-known effect of increasing the lift coefficient through a shift of the zero-
lift angle but, unlike the case for high aspect ratio surfaces, this effect becomes reduced

at higher trims.

Such geometric features as curved planforms and blunt (transom-type) trailing
Sedges may be expected to have a substantial effect on ski fully-wetted hydrodynamic

characteristics. Experimental data for a single ski embodying these two features are given in
Reference 3-4 which also compares these values with those for a flat plate.

S.... A certain amount of experimental data is available for the drag and pitching
moment characteristics of fully-wetted submerged skis but, until now, no attempts have
been made to correlate these values through suitable empirical formulas. As a principal
purpose of this report is the quantitative correlation of available ski data, such analyses
were made for a fiat plate ski with rectangular planform and an aspect ratio of 1/4, as
follows.

C 3.3.1.2 Drag Characteristics

If the fully-wetted lift coefficient is written as:

SL =C +CL2

27r K K A
where C 23

Li (1+A) +2K 2

r 2
and CL2 = (8/3)K3 sin r cost

L2 3
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Figure 3-2. Effects of Upper Surface Camber on Lift Characteristics of a
Rectangular Flat-Bottom Ski
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C Li may be considered as a "circulation lift coefficient" and C L2 as a "cross-flow lift

coefficient".

F On the basis, it is logical to assume that the ski drag coefficient has the form:

CD = CDO + (CLl 2/7TrA ) + CL2 tan r

where: CD profile drag coefficient (section value, primarily dependent
rDO on ski thickness, ratio and Reynolds Number).

ifi i /7rA l = induced drag coefficient, where '/ is the "Oswald

I> efficiency factor", which may be depth dependent.

CL2 tan r= cross-flow contribution to ski drag.

As demonstrated in Appendix A of this report, analysis of the available test data

for the 1/4. aspect ratio ski yielded a very reasonable value of C and an equally

[reasonable curve for i as a function of depth-chord ratio. The resulting exceptionally

close correlation of the experimental data is also included in Appendix A.

[ The effects of the ski drag characteristics of adding upper surface camber to a
flat plate ski are described in Reference 3-3, according to which the maximum lift-drag
ratio decreased with increasing camber and, also, moved to higher angles of attack. The
reduction in the maximum L/D resulted both from the increased profile drag associated
with the thicker (more cambered) skis and also from the reduced lift curve slopes.

at Also, according to the data reported in Reference 3-4, the lift-drag ratio of an
actual hydro-ski incorporating a non-rectangular planform, blunt transom, bow rise, and

[upper surface camber was lower than that of a flat plate of comparable aspect ratio.

3.3.1.3 Pitching Moment Characteristics

[ The pitching moment characteristics or, rather, their equivalent, the center of
pressure values for the flat plate, rectangular ski of aspect ratio, 1/4, given in Figure
12 (b), Reference 3-5, were correlated by means of the semi-empirical formula:

C C

c.p.(% chord, forward of T. E.) = (a b + 0.50 L2

CLi L CL

where "a" and 'bo vary with depth-chord ratio. Figure A-8 of Appendix A shows the
" beat fit" values of "a" and "b" obtained in the correlation process. As shown in Figures

3-10
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IA-9 through A-12 of Appendix A, the correlations obtained in this manner were excellent.

i 3.3.2 Ventilated Condition

3.3.2.1 Ventilation Processes and Boundaries

J The relatively high speed associated with a hydro-ski operating below the water
surface will usually result in ventilated flow. In this flow regime, an aerated cavity ex-
tends aft from the unwetted upper surface of the hydro-ski. Although the mechanism of
ventilation inception and development are known from model tests and may be physically
described, an analytical treatment is not yet available to predict its occurrence under full-
scale conditions. The following discussion will briefly describe the phenomena observed
in model tests during the ventilation process. Pertinent experimental data are also in-
cluded for guidance in assuming the existence of ventilated flow when performing hydro-
dynamic calculations.

For the onset of ventilation, it is necessary that an air path be developed or pro-
vided to the upper surface of the hydro-ski. Such a path may be readily induced by the
blunt base of a surface-piercing hydro-ski support strut.

If the depth of the ventilated pocket behind a strut extends down to the hydro-ski,
it is likely that ventilated flow about the hydro-ski will be established. The depth of the
ventilation pocket behind a base-vented strut may be estimated from the expression,

h = V2/10.25g (p. 10-15, Reference 3-6)

I The other mechanism of development of ventilated flow about a hydro-ski is by
means of the air travelling along the path provided by the trailing vortices, when speed,
angle of attack, and free surface proximity reach certain value combinations. At high
angles of attack, in the lower speed range, the separated flow from the leading edge may
reattach on the upper surface of the ski. The occ'4rrence of this "partial bubble" type ven-
tilation causes little or no change in lift. However, when the speed or angle of attack is
increased so that the reattachment point reaches the trailing edge, there is an abrupt loss
in lift. When ventilation occurs at the lower range of angles of attacks, the separated flow
from the leading edge does not reattach, and there is also a sudden drop in lift.

I The available correlations on the inception of vortex ventilation are presented here

in Figures 3-3 through 3-5. Although limited, the information can provide semi-quantitative
I guidance for predicting the conditions required for complete ventilation. For example, the

data presented in Figure 3-5 are for specific small-scale models at particular depths of
submersion and utilize dimensional speed values.

Therefore, as the required scaling laws are presently unknown, it is necessary to
S rely on judgment in applying this information for predicting the nature of the flow about a
prototype (full-scale) hydro-ski.

I
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3.3.2. 2 Flat Rectangular Skis

In Reference 3-7, Johnson has devised an essentially theoretical method for
estimating the lift, drag, and center of pressure values for supercavitating hydrofoils of
finite aspect. ratio operating near the free water surface. Further, he has shown that these
theoretical values agree extremely well with the limited available test data for hydrofoil
aspect ratios greater than or equal to 1.

As the only technical difference between supercavitating and ventilated flow con-
ditions is in the absolute value of the cavity pressure (i. e., water vapor pressure vs.
atmospheric pressure), it appears that Johnson's theory should also be directly applicable
to the ventilated flow case.

Whereas the Johnson analysis covers the more general case of longitudinally
curved bottoms (bottom cambered hydrofoils), attention in the following will ',e restricted
S to the case of straight bottoms which is more representative of most practical hydro-ski
shapes.

As presented in Reference 3-7, Johnson's analysis is awkward for practical cal-
culation as it involves two separate iteration processes, one for lift coefficients and the
other for drag and moment coefficients. To-eliminate this difficulty and, simultaneously,
to make this analysis more amenable for the later calculation of hydro-ski seaplane dyna-
mics, Johnson' s analysis has been converted into a digital computer program. Significant
details of this conversion ar givon in Appendix B of this revort. Incorporated in this pro-
gram are certain purely empirical modifications used to provide closer agreement of cal-
eulated and experimental characteristics, as explained in Appendix B. The almost perfect
agreemeLt between the final calculated and the experimental characteristics for a ventilated
ski of aspect ratio 1/4, is shown in Figures B-1, B-2, and B-3 of Appendix B.

3.3.2.3 Other Ski Geometries

References 3-3 and 3-4 present the results of steady-state tank tests of two
hydro-ski models, both with uipper surface camber. One of these had a rectangular plan-
form and a flat bottom (Model A) while the other had a non-rectangular planform and a
deadrise-type of bottom (Model B). In both cases, no ventilation was observed anywhere
inside the ranges of the test parameters:

ModelA: o0<r <20%, 0O<d/c< .42, 0<V <30fps

ModelB: 0* T <20', 0<d/c <.39, O<V<85fps

I It appears that the absence of ventilation for these models can be attributed di-
rectly to the presence of the upper surface camber (airfoil-like profile) which tends toI prevent flow separation at the ski leading edge.

3-15
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3.3.3 Cavitated Codition

I? 3.3.3.1 Cavitation Processes and B.u•-'ariles- , -.

As a hydro-sld seaplane accelerates from rest, the •ydro-sld shape and attitude-.
will induce pressure reducti(ka ovgr a region of its surface. With increasing speed, and-
depending upon the spec "ic hydro-ski installation, cavitation may occur. Thil condition is
possible if, at this same speed, the hydro-ski is submerged and no ventilation develops,. S~either by the action of tip vortices or a strut-provided air path to the- free water. surfa ce. ""

The cavitation number, based on local pressure, p, is defined as:.--,

Tr= p por s po da/2pv d a a2wt c

i where p o = free stream static pressure (varies with depth)

p = local pressure at any point on the hydro-ski surface

Cavitation begins when the local pressure value at some point reduces to PV

the vapor pressure of water. The incipient cavitation number is, therefore:- 9
a.=( pco-p )/(P/2)V

1v

The minimum pressure coefficient on a-section is defined as:

2
C M

• [. Cp min (min - c)f(p/2)CV

' [or, -C p Pc-Pi) /2()/2 V2
pmin mi

t the inception of cavitation, -

P m j.i Pv-" +p. p

and, therefore: mri= -Cp (2 C R- P/2 V2

The minimum pressure coefficient is dependent solely on the shape of the body -
and independent of its size, while the model and full-scale values of the free stream static
pressure, p., , are close to each other under towing tank test and prototype conditions.
Therefore, the cavitation inception speeds observed in the towing tank tests of hydro-sid
models are approximatoly equivalent to the full-scale cavitation inception speeds. Con-
sequently, the effects of cavitation development observed in towing tank tests of hydro-ski

t1
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seaplane configurations conducted in accordance with Froude scaling laws, will begin at a
proportionately lower speed on the prototype aircraft.

Figure 3-6, taken from Reference 3-4, presents a comparison of towing tank
tests results on cavitation boundaries for a flat plate and hydro-ski model. In both models,
cavitation inception occurs at the leading edge upper surface. It is therefore evident that,
unless prevented by ventilation effects, cavitation will occur on similar prototype hydro-skis
somewheres inside their expected range of operational trims and speeds.

Reference 3-8 presents experimental data on the hydrodynamic characteristics
of an aspect ratio 1/4, flat plate at several depths of submersion. From Figure 3-7, re-
produced from Reference 3-8, the effects of cavitation are seen to be detriments! to hydro-
ski performance. Since these effects ocrnr in -a glJuai manner, no catastrophic motions
are induced. However, these same curves also illustrate the sudden change in the hydro-
dynamic force with the occurrence of ventilation, which developed in these tests by air
entering the trailing vortices.

It is also noted that, at the higher trims, the ventilation tendency increases with
proximity to the water surface. This attitude and location is representative of the situation
that exists at the time of ski unporting during a seaplane take-off. In order to avoid un-
stable aircraft behavior caused by the sudden loss in hydro-ski lift through ventilation as it
approaches the water surface, hydro-ski ventilation can be induced at deeper submergence
by utilizating a base-vented strut.

As has been made clear in Section 2 of this report, one of the most basic factors
involved in the selection of hydro-ski dimensions is the lift developed just as the leading
edge reaches the water surface during the take-off process (unporting condition). The flow
then is definitely ventilated and the planing lift equations are used to establish the required
hydro-ski area.

As the planing lift of a fully wetted lower surface hydro-ski is always less than
its lift when fully wetted on both surfaces or under cavitating conditions, the hydrodynamic
characteristics under cavitated flow conditions are of secondary concern in the basic design
of a hydro-sid. However, an awareness of hydro-ski cavitation phenomena is important in
appreciating possible performance discrepancies between model and prototype
characteristics.

3-17
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4. STRUT RESISTANCE CHARACTERISTICS

4.1 FLOW CHARACTERISTICS

Just as the hydrodynamic characteristics of a hydro-ski are dependent upon the

specific type of flow developed (e.g., fully-wetted, cavitated, or ventilated), the hydro-
dynamic force characteristics of hydro-ski support struts are related to the strut flow
regime. Therefore, to calculate the resistance of a strut, it is first necessary to detern-iile
the nature of the strut flow.

At very low speeds, of course, all surface-piercing struts will be fully wetted,
independent of the particular cross section. As speed is increased, the pressure dropI iassociated with the flow about the strut section will cause a depression at the strut-level
water line intersection. For most hydro-ski seaplane configurations, however, it is likely

r that, in this relatively low speed range, with the strut attached to the hull bottom and the
keel still below the level water line, fully-wetted flow will exist. Consequently, the effect
of moderate water surface depressions is usually of little or no interest in the drag estima-[ rtion of hydro-ski support struts.

When the aircraft reaches the speed at which the strut-hull intersection clears
the water surface, the flow about the strut can suddenly change from fully wetted to fully
ventilated, as the hull bottom no longer blocks the development of an air passage down the
strut. It is evident that this situation is particularly applicable to base-vented strut sec-
tions, although it is also possible that, prior to hull bottom emergence, such sections may
already have a cavitation bubble extending aft of the blunt trailing edge.

It can usually be assumed that, because of the relatively high Froude numbers

(based on strut depth) prevailing at the hull bottom clearance speed, a surface-piercing
hydro-ski support strut will be completely ventilated. As the ventilated cavity static
pressure is very close to atmospheric, the pressure acting on the aft portion of the strutC is greater than that for either the fully wetted or cavitated conditions, so that the drag co-
efficient becomes markedly reduced. However, because of the hull bottom clearance, the
surface-piercing configuration now introduces an additional drag component due to spray
generation. This spray drag is usually consider.bly lower in magnitude than the reduction
in base drag resulting from the occurrence of ventilation. Therefore, the net effect of
ventilating a strut is to lower its resistance as compared with either the fully wetted or
cavitated values. Thus, in addition to enhancing ventilation of the hydro-ski upper surface
which precludes ski lift force breaks during unporting, this feature furnishes another
reason for utilizing a base-vented strut sectioz.

In-general, the strut drag coefficient is dependent on various hydrodynamic[ parameters such as Reynolds number, Froude number, and cavitation number. As indicated
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in the preceding discussion, the methods presented herein for engineering estimates of
strut drag will cover only the fully wetted and cavity flow conditions.

I 4.2 DRAG ESTIMATION FOR FULLY WETTED STRUTS

The drag coefficient, based on frontal area, of a fully wetted faired strut section
Smay be estimated by use of the expression:

fc 11)3

S/C 4+2 t + 120(-) (P. 6-9, Reference 4-1)

where Cf = skin friction drag coefficient

t/c = thickness/chord ratio

The skin friction drag coefficient in turbulence flow can be calculated from the
well-known Schoenherr curve, or its simple approximation:

1 - 3.46 log1 0 R c-5.6 (P. 2-5, Reference 4-1)

where: R = Vc/ (Reynolds Number based on chord)

4.3 DRAG ESTIMATION FOR BLUNT-BASE STRUTS

Reference 4-2 develops theoretical curves for estimating the cavity (i. e.,
pressure) drag of several important strut sections having blunt trailing edges. The results

S therein are only applicable to flows in which the strut sides are fully wetted and a cavity
extends aft from the base. As the cavity drag coefficient curves are also dependent on the
cavitation number corresponding to the base cavity pressure, the results are applicable to
both the fully submerged and surface-piercing conditions for a strut. The information
given is not suitable for the speed range in which the strut base is also wetted. However, it
is known that the blunt trailing edge will induce a base cavity at moderately low speeds, so

S-- that the results therein are generally applicable over the speed range of interest in hydro-
ski design.

- In utilizing the drag coefficient curves reproduced below, it must be remembered
that the skin friction drag must be added to the estimated cavity drag and, if the strutf pierces the water surface, spray drag must also be added.

The basic blunt base trailing edge strut sections for which theoretical cavity drag
curves are presented in Reference 4-2 are:

a) Wedge: 1 t
y --- 2,. ( x

4-2



r Report 7489-2

Sb) Parabola:
Y 21

Sc) Modified Parabola with Zero Trailing Edge Slope:-

1/2 x3/
75( xc) _- _ I

d) Modified Parabola with Zero Cavity Drag:

t x) / 3/21
1-2.17(- 

- ___

where: t/c = thickness ratio

x = chordwise distance, measured from leading edge

Sc chord

Figure 4-1, reproduced from Reference 4-2, presents the theoretical cavity drag[coefficients, based on the strut frontal area, of the foregoing sections. These values are
considered to be suitable for engineering calculations, as good agreement with the test data

-of References 4-3 and 4-4 was obtained for practical strut thickness wedges and parabolic
J[sections.

- Po-Pc

In Figure 4-1, a
b 2

PV /2 -

where PC = Pressure in base cavity

OP = absolute static pressure

From these curves, it is evident that the Zero Cavity Drag shape is superior to
* p the others. However, this indication must be viewed by the designer with considerable

St caution since, if the "boattailing" in this strut section is made excessive, flow separation
"under some practical conditions may occur forward of the base, thus defeating the basic
purpose of this design.

For engineering calculations, it is suggested that, in determining a base cavi-
tation number, the absolute hydrostatic pressure of the average strut wetted depth be used
for poo. If the strut is fully submerged, p Ct 0, while for a surface-piercing strut,

=c P 14.7 psi.

4-3



2

SReport 7489-2

ONE "TERW• MODIFIED PAIIBOLI
SISTRUT, M=O, C40m 0.22089

I PAgASOL C STRU
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Figure 4-1. Cavity Drag Coefficient vs. Base Cavitation Number for Various Struts
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Reference 4-2 also presents curves for estimating the cavity lengths of these
same strut sections. These are based on two-dimensional theory and therefore the results
do not account for the effect of gravity on the cavity shape. Consequently, the theoretical
cavity length curves, reproduced here in Figure 4-2, only apply to fully submerged struts.
However, they may be used for guidance in estimating the cavity length variation with depth,
of surface-piercing base-vented struts, except in the region of the water surface. in this

L [case, the base cavity pressure is:

2 2gh/V 2
b

[ where h is the vertical distance from the water surface to a point on the strut.

Figure 4-2 may also be used for a preliminary estimate of the length of material
annex that may be added to the base of a strut for increasing bending strength, while check-
ing for cavity clearance. It is suggested in Reference 4-2 that a reasonable annex length is
about 75 percent of the chord and that the annex length should not exceed about half the
cavity length. Also, the notch depth should be at least 10 percent of the forebody thickness
at the notch.

4.4 SPRAY DRAG ESTIMATION

Spray drag estimation may be based on the results of an 3xperimental investiga-[i tion conducted by the Davidson Laboratory. In the tests reported in Reference 4-5 it was
found that the spray drag coefficient of a strut is, for practical purposes, dependent only on
the strut thickness ratio. The effect of ";arying the leading edge radius is small and no

S [ effects of variations in the Reynolds and Froude numbers were found.

The empirical equation developed for the spray drag coefficient is:

D t

C tDs .03 4 .08( max)

S
CD qct axc

where: c = strut chord

Stmax = maximum strut thickness

C 4-5
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I

5. SINGLE HYDRO-SKI IMPACTS WITH CONSTANT TRIM1 AND FORWARD SPEED

I 5.1 INTRODUCTION

It is obvious that one of the most fundamental aspects of hydro-ski design tech-
nology is the ability to predict ski impact loads. As will be emphasized later in this report,
it is convenient to distinguish between the ski impact loads which occur while traversing aJ long train of waves such as in rough-water take-offs or taxiing, and those which occur during
landings.

Unlike the conventional seaplane, where maximum hull landing loads tend to occur
later in the landing process, the maximum landing loads en a hydro-ski tend to occur at the
first wave impact. This difference is a consequence ci the fact that, because of the smaller
loads and the "centralized" ski location, the first w2.ve impact of the hydro-ski seaplane
does not generate the large pitching moments experienced during the comparable hull im-
pacts. Fortunately for the hydro-ski designer, this fact provides him v'ith relatively con-
venient methods for the estimation of maximum hydro-ski loads. Thesa are of basic im-
portance both in preliminary design, which often involves comparison of different ski ge-
ometries (dimensions, deadrise, etc.) and installation geometries (ski incidence, etc.) and
in final design where the skd structure and the ski-strut attachment become defined by the
maximum ski loads and associated pressure distributions.

Because of its fundamental importance, the subject of ski impact load prediction
has received considerable attention in the past. As explained in Reference 5-1, these past
efforts have been of two different kinds, as follows:

I A) For use in preliminary design, attempts have been made to devise simple
empirical formulas, in terms of fundamental parameters (ski beam loading and deadrise)J and impact parameters (trim and initial flight path angle), for anticipated maximum impact
loads in smooth water. The most sophisticated of these formulas is the one given by Mixson
in Reference 5-2.

I This formula, obtained by a regression analysis of test data covering large ranges
of all the four parameters, has very substantial accuracy when properly restricted to the
smooth water condition. Unfortunately, just as with the earlier cruder formulas, its utility
is severely limited (if not destroyed) because It fails to distinguish between the maximum
loads which occur while the ski Is still planing (ski L. E. above the level water line) and

I those which occur simply because the L. E. has submerged, thus limiting the load build-up
process. In effect then, the Mixson formula is self-defeating as it requires the designer to
obtain auxiliary information on the effect of ski length. As this can only be done by calcula-J tion of impact time histories which also predict the maximum impact loads, the need for
Mlxson's (or any other) empirical formula becomes superfluous.

5
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I- A further, closely related defect of the Mixson empirical formula is that it does
not cover the case of wave impacts which is invariably the case of most practical interest.
The problem of wave impacts will be treated in detail below where it will be shown that the
conventional treatments of this problem are not only incorrect in principle, but also

rumorically inaccurate.

I 3B) The other approach for prediction ci maximum impact loads is through impact
time-history calculation or, alternately, through suitable mathematical analysis of time-[ histories. As just indicated, these techniques have the virtue that they automatically include
determination of the variation of ski wetted length during the impact process and, thus, of
the effect of ski length In limiting maximum loads. The analysis of ski load time histories
has a significant historical precedent in Milwitzky's successful analysis of the same problemSfor chines-dry hull loads (Reference 5-3) where all significant impact quantities were re-

lated directly to a single non-dimensional approach parameter.

i [An analysis of this type has been made by Markey in Reference 5-4. Unfortunately,
this analysis shows very poor correlation with experiment for the values of the ski penetra-

S tion (directly related to ski wetted length) at maximum acceleration, as shown clearly in
Figure 7 of Reference 5-4. This result, attributed to his inadequate approximation for the
virtual mass, means that any of his conclusions concerning ski wetted length are highly
questionable. An even more important shortcoming of Markey's results in regard to prac-[ tical ski design problems is that they cannot be exprapolated to the rough-water case by any
simple procedure, as will be clearly demonstrated below.U,

For the foregoing reasons, the problem of single ski impacts is treated herein by
purely numerical calculations, utilizing the "equivalent planing velocity" method. This[ •method, utilized previously, is known to be equivalent, in principle, to the "virtual mass"
methodfor beam loadings greater than 1.0 and is considerably simpler to apply as it does
not involve analytic expressions for virtual mass.

5.2 SMOOTH WATER IMPACTS

5.2.1 Equation of Motion

For constant trim and forward speed, the single equation of motion can be writtenS as:

(Wg)d = W- LA - L

where: W = aircraft gross weight

[g = acceleration of gravity

d = depth of lowest point on ski below level water line

[
5-23
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j LA = aerodynamic lift

SL H = hydrodynamic (ski) lift

i and where the dots signify lifferentlation with respect to time.

In the "equivaleat planing velocity" method, the ski lift force is calculated
from the equation:

L CLH(PVeq /2)S

where: C = ski lift coefficient
LH

Sp= mass density of water

Veq = equivalent planing velocity

J S = ski wetted area

The essence of this method lies in the following two assumptions:

A. The instantaneous lift coefficient of the impacting ski is identical with that of
a planing ski having the instantaneous geometry (i. e., trim and wetted length) of the im-

i pacting ski;

B. The equivalent planing velocity, V is the fictitious horizontal velocity
eq

whose component normal to the ski kael is equal to the actual instantaneous velocity normal
to the keel, i.e.,

V V sinr = V sinr + d costIeq H
or V eq =V H + d cot r

= = VH 1 +(d/VH) cotr]

J where: T = trim angle (constant during impact process).

d - ski draft

5
5-3 I
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Using the latter expression, the equation of motion becomes:

(W/g)d =W-LA - CLHPVH' /2)[1+(d/VH)cotr]2S

All of the calculations of this report section use the Shuford formula for the ski
planing lift coefficient, CLH, described in Paragraph 3.2 of this report. However, to

r simplify the calculations with negligible loss of accuracy, the wave rise effect for skis with
finite deadrise has been approximated by assuming "full wave rise", i.e.

'c =Ik'

so that A =b/1k and S = kb

For many purposes, it is convenient to rewrite the equation of motion in[ non-dimensional form. Letting

d = Sb

[ and t = a- (b/VH)

[ where: S = non-dimensional draft

a = non-dimensional time,

the equation of motion becomes:

1 (I+ 81 cot)r 2[-(irC (5-1)C2 ( W--) 2 (sin r )C&o

C2  0VH
Here, C = horizontal speed coefficient = VH/VH H/

SLA/W = "Percent wing lift" expressed as a fraction

SCAo = ski beam loading = W/pgb3 3

CVH, LA/W, r , and CAo , are parameters which are considered to be constant during

the history of a particular impact process. The primes indicate differentiation with respect
to 8. Also, the derivative, B" , is related to the load factor, n, by the equation:

2A0= n/CvH (5-2)

5-4
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Finally, if the quantity, L A/W, the so-called "percentage wing lift" is
designated as p, the equation of motion can be written as:

" (1-(p) CLH(l +•'cot )2 8

2, -(Is-np)CA (5-3)C z 2 (sin r) C&o
VH

Most previous analytic studies are restricted to the special case where p = 1
("100% wing lift" case). The equation then reduces to:I 2-CLH ( + 8' cot•T ) S/2 (sin T ) C& (5-4)

This case is of interest In several different respects. In the first place, it shows
clearly that, during an Impact, the hydro-ski acts as a non-linear spring device. Secondly,
it is seen that this equation is independent of the speed coefficient and, therefore, particu-
larly suited for parametric investigations. Lastly, although no use of this fact is made
herein, this equation can actually be integrated analytically to obtain the "vertical velocity",

8', as a function of 8

5.2.2 Correlation of Test Data

The equation for the "zero wing lift" case (eq. 5-3 with p = 0), was checked by
comparison with available data. Reference 5-5 contains a series of experimental accelera-
tion time-histories for smooth water impacts of rectangular skis. The tests included skis
of 0* and 300 deadrise, and a ski beam loading range between 20 and 150.

Using eq. 5-3 in conjunction with Shuford's equation for CLH, the corresponding

theoretical time-histories were calculated on a high-speed digital computer. The compari-
sons of these theoretical curves with the experimental data are shown in Figures 5-1, 5-2,
and 5-3.

It is seen that the theoretical curves correctly duplicate all of the significant
trends of the experimental data and, with but one exception, furnish close approximations
to the measured maximum accelerations and their associated time values. The exceptional
case, shown in Figure 5-1 (B), is for a flat ski having a beam loading of 20. It may be noted
that the discrepancy is only in the peak acceleration value and not in the times at which the
peak acceleration occurs.

As explained earlier, it is not believed that this discrepancy can be attributed to
the use of the equivalent planing velocity method. Because most current practical interest
is limited to the higher loadings (C& 0 >50) for which the agreement is excellent, no further
investigation of this discrepancy has been attempted.

These correlations show that the equivalent planing velocity technique is generally
capable of predicting accurate time histories of highly loaded hydro-skis in smooth water

5-5
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I impacts. It will be shown below that, when properly applied, It is equally capable of pre-
dicting time histories of rough water impacts. Before proceding with this rough water
impact correlation, a number of significant parametric studies for the smooth water caseI ~ ~Will first be presented,.!.

5.2.3 Effects of Beam Loading, Ski Length, and Deadrise on Impact Loads

The effects of these parameters on smooth water impact time hiatories were in-
vestigated by computing a number of such histories, using the static "00.O% wing lift"I assumption. For this case, the equation of motion can he written as:

28" = 2n C ( (1+8' cotr
C 2 LH (sin T ) C&o

The time histories of the computed accelerations and the associated wetted
length values are shown, in non-dimensional form, in Figures 5-4 and 5-5. In these
charts, the ordinate is the non-dimensional "acceleration coefficient",

3 2n/C, 2I cvH
where n is the acceleration in "g" units, and the abscissa is the non-dimensional time:

a- = (VH/b) t = g/b CVHt

The dashed lines represent constant values of the non-dimensional wettnd
length, I/b. In this form, the charts are independent of CVH and may therefore be used

I directly to vompute actual accelerations for any given CVH value.

Figure 5-4 shows the acceleration time histories for fiat skis having different

beam loading coefficients, C&,, for a typical impact condition ( r= 10°, '.. 10,).

I It clearly illustrates the powerful effect of increasing the ski beam loading or reducing the
maximum impact load, It also illustrates the effects of ski length on load limitation for a
givenski beam loading. Thus, at the low beam loading (C = =10), practical ski lengths such as

1 /b' 4 will have no effect on the maximum load while at the very high beam loading
(Cao= 200), a length of I/b - 4 will reduce (the already low)' maximum load by 30'7.

I Figures 5-5(A) and 5-5(B) show the effects of change in deadrise on the time
histories for two different ski beam loadings. These charts serve to illustrate a very

I significant principle of ski design, i.e., the decreasing importance of deadrise in aids of
high beam loading. Thus. for a beam loading of 10, the addition of 30' deadrise to a flat ski
reduces the acceleration coefficient by .0180 (26'. of the zero deadrise value) whereas for a

I
I ~5--9
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beam loading of 50, the same increase in deadrise only reduces it by. 0046 (19% of the
zero deadrise value), i.e., only 1/4 of the absolute change for the C& = 10 case.

The effects of beam loading and deadrise variations on the maximum accelerations
are summarized in Figures 5-6 and 5-7 which clearly illustrate the main points of the
preceding discussion. As a matter of interest, the corresponding curves obtained fromMixson's empirical formula (Reference 5-2) are compared with those obtained herein.
While the trends are the same and the numerical values fairly close in all cases, the present

values are probably more reliable. Thus, for a flat ski with CAo = 20, the Mixson formula

shows a maximum acceleration distinctly larger than that obtained in the present calculations.
Thus, the Mixson formula would show an even greater discrepancy with the test data (Figure
5-1B, above) than do the present results.

5.2.4 Effects of Trim and Sink Speed on Impact Loads

Figures 5-8 and 5-9 show the calculated non-dimensional acceleration time
histories of smooth water impacts of a flat ski for various trims and for various initial
flight path (sink) angles, respectively, with typical values of the other parameters. Figure
5-8 illustrates several interesting effects, as follows:

1) The effects of varying trim on maxinr.um accelerations is not very great. This
means, for example, that in rough preliminary design calculations, the whole trim range
need not be investigated. Further, for a fixed iength-beam ratio, say 4.0, in the present
example, the range of maximum accelerations would be further reduced.

2) In the typical case illu.strated, a change of trim from 30 to 200 only changes
the "peak load wetted length-beam ratio" from 7. 0 to 3.5.

3) The constant i/b curves are not monotonic; that is, it is possible to obtain
the same acceleration at the same wetted length at two different trim angles.

Figure 5-9 shows that, in the region of low sink angles (typical of conventional
seaplanes), the maximum accelerations are nearly proportional to the magnitude of the sink
angle. On the other hind, for large sink angles, which are more typical of certain types of
STOL aircraft, the maximum load factor increases with sink angle at a much faster rate.
Thus, in the particular example shown in Figure 5-9, doubling the sink angle (22.50 to 450)
multiplies the maximum acceleration by a factor of 4.3.

I Figures 5-10 and 5-11 show the peak accelerations of Figures 5-8 and 5-9
plotted against the pertinent parameters. These charts serve to clarify some of the pre-
vious discussion. Figures 5-10 and 5-11 also show the comparable curves obtained from
Mixson's empirical formula. Again, the trends are essentially the same. However,
Figure 5-10 shows an appreciable discrepancy in numerical values. Again, the excellent

co;.relation of the present calculations with the test results for C Ao - 50, as shown above

5-13
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in Figure 5-1A, indicates that the present results are more reliable than those obtained
from the empirical formula. On the other hand, the agreement of the two curves in FigureE 5-11 is very good.

5.2.5 Effects of Airplane Lift on Impact Loads

Figure 5-12 shows the calculated non-dimensional acceleration time histories of
smooth water impacts of a flat ski for various values of the "wing lift" parameter, p, with
typical values for all other parameters. These calculations are based on equation 5-3,
above.

It is seen that there is a smooth dependence on "wing lift". The significant featureF of these results is that the maximum acceleration values differ by amounts which are small-
er than the initial differences, the latter representing the difference in "p" values.

[5.3 IMPACTS ON WAVES

[5.3.1 Introduction

For many years, it was thought adequate to analyze hydrodynamic impacts on
head-sea wave flanks by use of an "advancing wedge" approximation. With this technique,
the effect of the wave is approximated by assuming that the wave acts like an inclined
straight wall of water moving with the true wave celerity, the slope of the 'Wall" being the
actual wave slope at the initial contact point. In refined versions of this method, the effects
of the wave orbital velocities are also taken into account.

With or without the orbital velocity effects, the advancing wedge approximation
leads to the conclusion that, for impacts of a given ski on the flank of a given regular (head
sea) wave under given approach conditions, the maximum impact loads will always occur[ when the initial impact point is the one having the maximum wave slope (L. e., lying midway
between crest and trough).

This conclusion follows automatically from the manner used to account for waveslope in the impact process whereby the ski is endowed with an effective trim and an effect-
ive flight path angle given respectively by:

off --

where is the wave slope. If the trim angles avd flight path angles used in Figures 5-10
and 5-11 of this report are interpreted as effective quantities. It will be seen that the effect
of wave slope In decreasing the effective ski trim is relatively negligible as compared withK its effect in increasing the effective initial flight path angle. As the maximum accelerations

1 ~5-20 1
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I increase very steeply with the effective flight path angle, it follows that the maximum peak
accelerations will correspond to maximum wave slope.

It may be noted that the approach proposed in the Phase 1 report of this study,
Reference 5-6, essentially agrees with this conventional concept. In that approach, theF trim and initial flight path angles in Mixson's empirical formula for smooth water impacts r
would be replaced, in the wave impact case, by the effective angles defined above, and
would be taken simply as:

m tan[7T/(LVH

max Lax
- where H and L are the wave height and wave length. It is seen that this is simply one con-

venient way of utilizing the "advancing wedge" hypothesis and, as indicated earlier, still
suffers from a lack of definition of wetted ski lengths.

The claim is now made that any method utilizing the "advancing wedge" methodF cannu. be correct (except by accident in particular cases) because this method embodies two
different, but closely related, fallacies. Basically, this method is wrong because it does
not account for the exact wave profile which affects the wetting of the ski, i. e., it replaces
the actual profile by an infinite wedge. Precisely because it uses the wedge "approximation",
it automatically leads to the condition that the maximum accelerations always occur for
Initial impact locations at the mid-point of the wave flank.

It will now be demonstrated that more accurate calculations can be made which

account for the actual wave profile and that, when this is done, the maximum accelerations
S generally do not correspond to initial impact locations at the flank mid-point, i.e., at the

maximum wave slope locations.

S5.3.2 Equations of Motion

Although the basic equation of motion is the same for wave impacts as for smoothr water impacts, proper account must be taken of all wave effects, including geometric,
kinematic, and dynamic effects. These effects may be summarized as follows:

1) The variation of both effective trim and effective flight path angle during the
impact time history;

3 2) The variation of ski wetted length as affected by the true wave profile during

the impact;

[ 3) The variation of the orbital velocity dynamic effect during the impact.

All of these wave effects can be taken into account rather simply by using a coor-
Sdinate system which moves horizontally with the ski at the latter's horizontal velocity, VH

5-22
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I In this system, the x -axis remains coincident with the level water line so that the origin
stays vertically above or below the initial location of the bki trailing edge. In this system,j the shape of a sinusoidal wave is given by:

J H In {A.f [x +(VH+ C)] -

where H = wave height (trough to crest)

L = wavelenh

1 V = ski horizontal velocity (in space)

C wave celerity L 7r

0 = phase angle (9 = 27r xo/L, where x. is the horizontal distance
between mid-point of wave flank and initial impact point, taken
as positive for "mpact points below mid-point)

The time is measured from the initial contact (t = 0 at x = 0) so that, by
assigning different values to 0, the initial contact can be made to apply to any point along
the entire wave flank. Figure 5-13 illustrates the pertinent values of 0.

Calculation of the instantaneous hydrodynamic force acting on the ski demands a
knowledge of the wetted length or, alternately, the coordinates of the ski-wave surface
intersection. The coordinates of the intersection are obtained from a consideration of the
ski-wave geometry. Using the notation of the following sketch:

SK
LINE

!5-2

WAVE

FPROFI L
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it is seen that:

IW YWIT + XItan T (I -Intersection)

S But y H + (V +C)]-

These two equations, in conjunction with the relation:

I Iw = xi/cos r

and the equation of vertical motion (which basically defines YT ) serve to determine the

J instantaneous values of xI and, thus, of 1W. It is seen that the quantiy, y WI' is actually

irrelevant to the calcuiation.

I What is relevant, however, is the quantity, • the instantaneous wave slope at

the ski-wave intersection. This slope is given by:

tan I = (dy / dx)I_

I { [1 .+(VH+C)

The present calculations use effective trim and flight path angles given by:

T eff T- r- I

I eff I

Finally, orbital velocity effects, although generally small, have been taken into
account by inclusion of the instantaneous vertical component of the orbital velocity, where
the pertinent orbital velocity is that at the ski-wave surface intersection.

The preceding approaches, accounting for all the known significant wave effects,
were combined with the equation of motion and the "equivalent planing velocity" expression
to form a single digital computer program using non-dimensional quantities. * This program

I was used for all of the calculated (theoretical) impact time histories described below.

11 Actually, the smooth water impact calc-'lations of Section 5.2, above, were obtained from
the same wave impact computer program as a special case: wave height = 0.

5-25
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5.3.3 Correlation of Test Data

The calculation technique outlined above was checked by comparison with available
for "zero wing lift" wave impacts of flat rectangular hydro-skis. Four of these time histories

S"ve been selected for comparison with the present theory. It must be explained that theteb• techniques used in obtaining these time histories was such that the precise location onF the wave flank of the initial impact point could not be identified. Accordingly, in each case,
the time histories were calculated for a variety of initial impact points. The family of
curves thus obtained in each case was then compared with the experimental curve to deter-
mine whether the experimental curve is actually an interpolated "member of the family".

These comparisons are shown here in Figures 5-14 A, B, C, and D. Figure
5-14A shows that the test data belong to an initial impact point located approximately at
9 = - 7/8. Figures 5-14B and C need no comment as the test data in each case are ex-
tremely close to one of the calculated curves (9 7r /4 in Figure 5-14B and 9 0 + 7r/2r in Figure 5-14C). In Figure 5-14D, where the agreement for the total time history is not
quite so good, the test data obviously correspond to a value between + 3 7r /8 and + r /2.
Even in this case, the error in the predicted maximum acceleration is only 6%.F These comparisons are considered to furnish a complete vindication of the

present theoretical calculation technique.

5.3.4 Effects of Impact Location on Impact Loads

The results just presented are obviously of the utmost importance in connection
with the prediction of hydro-ski impact loads. If for no other reason, they clearly contradict
the traditional assumption that the maximum impact loads of a given ski in a given wave[ system under fixed approach conditions are always obtained when the initial impact point is
that for maximum wave slope which, in present notation, is at 9 = 0. The foregoing results
make it clear, in fact, that the maximum impact loads do not correspond to any single value
of 0 or, stated alternately, the value oi nmax generally depends on the particular values of

all significant parameters.

This statement is further clarified by Figure 5-15 which shows the dependence of
nmax (calculated peak acceleration) on 0 for the four cases illustrated in Figtire 5-14. It

is seen that, in these cases, the "absolute" maximum accelerations occur when the initial
contact is made on the lower portion of the wave flank (and not at its center). A further
point of the utmost practical significance is indicated by the Iw / b values shown on the

curves of Figure 5-15. Just as In the case of smooth water impacts, it is obvious that the
finite length of any actual practical hydro-ski will generally play a major role in limiting
the maximum accelerations in rough water.

5
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In the present analysis, there are actually ten significant non-dimensional
parameters, as follows:

Aircraft Aerodynamics: "Percent Wing Lift", LA /W

rHydro-Ski: Beam Loading,C0

Deadrise Angle, R3

Length-Beam Ratio, l/b

Approach (Initial) Flightr Condition: Horizontal Speed Coefficient, CVH

Ski Trim Angle, r

Initial Flight Path (Sink) Angle, X"

SWave: Wave Height/Ski Beam, H/b

Wave Length/Ski Beam, L/b

Initial Contact Point, 0

SBecause of the large number of these parameters, it was considered infeasible
to conduct a complete parametric investigation of si gle ski wave impacts. Instead, pri-
marily for illustrative purposes, a very limited parametric study has been made as will

Snow be described.

5.3.5 Effects of Wave Geometry, Forward Speed, and Ski Length, on Impact Loads

The effects of wave geometry on hydro-ski impact loads are illustrated herein by
a brief parametric study in which the wave height and wave length were varied independently.
Further, to illustrate the effects of a significant aircraft characteristic, all of these calcu-
lations were made for two horizontal velocity values typical of ccnventional and STQL-,ry-+[ sea.planes.

To lend a note of realism, the non-dimensional parameters required for the corn-L puter program correspond to the following dimensional parameters:

Aircraft Gross Weight: 250,000 pounds

Hydro-Sli Beam: 3.40 feet

[ Hydro-Ski Deadrise Angle: 0 degrees F

5-32
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J Ski Trim Angle: 10 degrees

Initial Vertical Velocity: 10 fps *

Horizontal Velocity (Conventional): 85 knots

3 Horizontal Velocity (STOL): 42.5 knots

Initial Flight Path (Sink) Angle
(Conventional): 4 degrees

Initial Flight Path (Sink) Angle
(STOL): 8 degrees

I
The calculations were made using the "100% wing lift" assumption, for the

I following full-scale wave dimensions:

CASEA. H=12ft. *

L L/H*

1 ft.

240 20

J330 30

J 480 40

CASE B. L/H =30

H L

1 ft. ft.

9 270

12 360

15 450

* Per MIL-A-8864(ASG)

I
5-33
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F Note that, in Case B, instead of fixing a common wave length, a common value
of L/H has been used. This choice has been made deliberately because, as explained in
Paragraph 5.3. 1, above, rough water accelerations computed with the traditional
"advancing wedge" assumption would depend only on the (common) L/H value and not on the
individual values of L and 11.

I In the same connection, the calculations were made without assuming any limita-

tion on ski length but the effects of a typical limitation will be indicated. (With the unlimited
length, the inherent differences between the present and "advancing wedge" computations
are more readily appreciated). The "limited" ski length is chosen as 17. 0 feet, corres-
ponding to 1/b = 5.0.

F Summarizing the non-dimensional parameters:

S'Wing Lift" Parameter: p = 1

Hydro-Ski Beam Loading: C~o = 100

F Hydro-Ski Deadrise Angle: /= 0 degrees

SHydro-Ski Length-Beam Ratio: 1/b = 5 (when limited)

Hydro-Ski Trim Angle: "r = 10 degrees

Horizontal Velocity Coefficient
(Conventional): CVH = 13.75

Horizontal Velocity Coefficient
S(STOL): CVH =6.88

Initial Sink Angle (Conventional): X0o--4 degrees

SInitial Sink Angle (STOL): yo= 8 degrees

SCASE A. H/b =3,53

L/H

70.5 20

S105.8 30

S141 40

5-34
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I CASE B. L/H = 30 H/b 1,b

J 2.65 79.5

3.53 105.8

14.42 132

The principal results of these computations are illustrated in Figure 5-16. In
each of these plots, the peak acceleration obtained from the individual time histories have
been plotted against the initial impact location. In each figure, the first chart is for
VH = 85 knots while the second chart corresponds to VH = 42. 5 knots.

Before discussing these results, it must be noted that same of them are approxi-
mate. This feature arises from the fact that, in connection with tihe "equivalent planing
velocity" method, the approximation:

has been retained even in regions of low effective trim angle, where it is known to be inac-
curate (see Figure 3-1, Section 3). However, the errors inherent in this approximation
are sufficiently small so that the conclusions drawn from the present calculations will notI be appreciably affected.

The principal conclusions drawn from these results, most of which are of funda-
mental interest in the design of hydro-ski installations for rough-water seaplanes*, are as
follows:

A. For the most part, the dependence of the peak accelerations on the wave
geometry parameters follows the anticipated trends, i.e.IIS~a. For constant wave height (Case A), the peak accelerations generally

increase very rapidly with decreasing L/H, i.e., increasing wave slopes. This is true
whether or not the ski length is limited.

1 b. For constant ;,/H (Case B), the peak accelerations increase, but very
slowly, with increasing wave height provided that the ski length is unlimited. For the case
of limited ski length, the variation with wave height can be either increasing, constant, or
decreasing, depending on other parameters, principally the initial contact point on the wave
and, secondarily, on the forward speed.

*Note that, for "100% wing lift", the maximum hydrodynamic loads acting on the hydro-ski
are directly proportional to the accelerations shown in Figure 5-16 and can be

I obtained by multiplying them by the aircraft gross weight.

I 535-35/
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B. The effect of forward speed on the peak acceleration is very marked. In the
present examples (based on constant sink speed), the peak accelerations are found to be,
almost exactly, directly proportional to the forward speed.

I C. Aside from the parametric aspects of this investigation, the numerical values
have considerable interest in connection with the present specification requirements

MIL-A-8864(ASG) . They show that a hydro-ski seaplane utilizing conventional aero-
dynamic and propulsion systems (VH = 85 knots, in present example) can be expected to

experience relatively high accelerations when landing under the specified rough-water
conditions (H = 12 feet, L/H = 20), even with ski beam loadings as high as 100.

While these peak accelerations can be alleviated by one or more of several tech-
niques such as increase of beam loading, decrease of ski length, incorporation of deadrise,
no single one of these is nearly so effective as a substantial decrease in forward speed.I Thus, it appears that, from the important staadpoint of landing impact accelerations, there
is much to be gained by use of STOL configurations in rough-water seaplanes.
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6. PLANING STABILITY OF THE SKELETON HYDRO-SKI SEAPLANE

I 6.1 INTRODUCTION

One of the most fundamental aspects of aircraft engineering is the determination
of an airplane's longitudinal and lateral dynamic stability characteristics, which include
such items as:

A. Dynamic stability with fixed and free controls;

B. Dynamic response to control surface displacements;

I C. Dynamic response to gusts.

Further, it is well-known that these problem areas can be successfully analyzed by use of
iinearized equations of motions. These equations involve a set of aerodynamic quantities
("stability derivatives') which are either estimated or obtained from suitable wind-tunnel
tests, or both.

Problems of dynamic stability are also of importance in connection with seaplanes
under waterborne conditions. Past experience has indicated that the principal dynamical
stability problems of waterborne seaplanes, including both conventional hull and hydro-ski
types, are those associated with "porpoising" motions.

J As explained in more detail in Reference 6-1, there are two, basically different,
types of porpoising motions, both occurring in the planing regime under "stick-fixed" con-
ditions. Briefly described, at planing speeds, there is usually a stable range of (equilibri-
um) trim angles which is bounded by an "upper" and a "lower trim limit" of dynamic
stability. Inside of the middle trim range, the seaplane is dynamically stable. At trims
above the "upper limit", or below the "lower limit", the seaplane is dynamically unstable,
the instability taking the form of so-called "porpoising" motions. Porpoising consists of
coupled two-degree of freedom (heaving and pitching) motions involving undamped or, more
accurately, negatively damped oscillations.

At trims above the upper limit, the porpoising is referred to as high-angle por-
poising and, in the case of conventional hull seaplanes, these motions are associated with
wetting of both hull forebody and afterbody. Similarly, in the case of the hydro-ski sea-
plane, it is possible to encounter high-angle porpoising involving wetting of the ski and the
hull afterbody. However, because of the generally low location of the ski relative to theSuill, high-angle porpoising on hydro-ski seaplanes, if it occurs at all, will generally take
place at such high trim angles that the associated limitations on stable planing operations

1 6-1
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are of little or no practical importance. In the present state of the art, there exists no
analytical method (or the required input data) for the prediction of the occurrence of high-
angle porpoising. This is true for both conventional and hydro-ski seaplane types. Further-
more, in the case of the hydro-ski seal.lane, tank model-testing and full-scale flight testing
have been too meager for the accumulation of test data adequate for the formulation of em-
pirical relationships for such prediction.

F The situation relative to low-angle porpoising is quite different. In low-angle
porpoising, the coupled heaving and pitching motions involve only wetting of the hull forebody
(alternately, hydro-ski) and, thus from the hydrodynamic standpoint, only the hydromechanics
associated with unsteady planing conditions of a single "body". In one sense, the unsteady
hydrodynamic problem is more complex than that treated in Section 5, above, because it
involves two degrees of freedom. On the other hand, another basic feature makes for tre-
mendous simplification: it is known from past experience with conventional hull seaplanes
that very accurate predictions for the occurrence of low angle porpoising can be made with[ the use of linearized dynamics.

For the most part, past practice has utilized special tank testing techniques to
establish the "lower porpoising limits" for particular seaplane configurations. Even for
convention.l seaplanes, there has never been, to our knowledge, a specific program,
either experimental or analytical, investigating systematic variations in those parametersF which are known to affect low angle porpoising.

Largely because of the ignorance surrounding this subject, it has assumed an
unwanted significance in the design of hydro-ski installations. In the worst cases, ski
installations satisfying all of the known "rule-of-thumb" design principles have been tested
and found to yield unacceptable and still unexplained low angle porpoising limits. Further,
a major portion of past experience has been with low beam-loading skis. The present
trend, correctly, is towards high beam-loading skis and it is more than likely that this
fundamental parametric change has a significant effect on the porpoising characteristics.
This role may be either direct or, possibly, indirect as, for example, by requiring more
stringent limitations on ski location, etc.

While low angle porpoising characteristics of specific hydro-ski seaplanes can
always be determined by suitable model tank tests, it is obviously most desirable to have a
method of predicting such characteristics in the earliest stages of a specific seaplane de-
sign. It is perhaps even more desirable to know which aerodynamic and hydrodynamic
parameters are significant and what their specific effects are on porpoising behavior. This
problem has been tUeated in this project by:

eA. Establishing a computer program which, for a given "skeleton hydro-ski
seaplane" configuration, simultaneously defines the entire range of trim-speed combinations
for vertical equilibrium in the planing condition and also completely defines all stability
boundaries within this region;

[
[ 6-2-
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B. Comparing the theoretical stability boundaries computed in this manner with
available towing tank measurements to demonstrate the accuracy of the theoretical method;

C. Using the computer program to perform certain basic parametric studies, InII particular, of the ski design and installation parameters.

It will be seen that, in connection with Item B, the agreement between the the-
oretical and the experimental results is very satisfactory, thus clearly proving the validity
of the theoretical approach.

6.2 BASIC EQUATIONS

6.2.1 General Dynamic Equations

The seaplane is considered to have freedom in heave and pitch, so that theJ general equations of its free motions are:

(W/g)h = L + L - W (6-1)
H A

Ir = MH + MA (6-2)

where W = airplane weight

I = airplane pitching moment of inertia relative to c. g.

h = heave displacement, positive upward

trim angle of hull keel relative to horizon, positive nose up

L H' LJA = hydro and aero lift forces

J MH, MA = hydro and aero pitching moments

6.2.2 Planing Equilibrium

For equilibrium, i.e., steady state motion with coastant forward speed, these
equations reduce to: LH + LA = \ 

(6-3)
eq eq

MH + MA = 0 (6-4)
eq eq

I 6-3
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It is assumed that eq. (6-4) can always be satisfied by application of suitable
elevator deflection, i.e., unlimited elevator control is assumed to be available for this
purpose. Further, the elevator deflections are assumed to have a negligible direct effect[ on the aerodynamic lift force.

Now consider a "skeleton hydro-ski seaplane" in an equilibrium planing condition.
By this is meant a configuration in which the ski is the only planing element, i. e., there is
no wetting of the hull. Thus, by the same token, the only hydrodynamic forces and moments
are those arising from the wetting of the planing ski. It is now obvious that, Wi conjunction
with the assumption concerning lift forces associated with the elevator deflection, if eq.
(6-3) is considered as a relation between trim and forward speed, there is an entire range
of trims for equilibrium at a given forward speed, within certain limits for a given "skeleton"r configuration, the specific trim values being governed by the elevator deflections.

The nature of these limits can be readily understood by considering the "trim-
speed" (r vs. V) plane, as indicated by the skuch, Figure 6-1. The absolute trim limit,
independent of all other restrictions, is taken as the keel trim angle corresponding to the
stall angle of the aircraft. At this pcint, it should be mentioned that the principal practical
aerodynamic configuration of interest in this analysis is that with power-on and with flaps,
slats, etc., set for take-off.

The other two limits in the trii-speed plane Consist of two curves, one correspond-
ing to the "ski unporting" condition and the Ather to tt., "get-away" condition. The "unporting"
curve represents those equilibrium trim-speed combinations corresponding to wetting of the

Sentire ski bottom area, stated here as a condition on bki wetted lengfth:

Ski Wetted Length = Total Actual Ski Length

or, simply: LW =1act

[ Similarly, the get-away curve represents the limiting trim-speed combinations
for which the wetted ski-length ju..t becomes zero:

1w = 0

[ Finally, there exists a practical upper limit to the get-away speed which, in present appli-
cations, is taken as the get-away speed corresponding to zero hull keel trim angle: T = 0.
Thus, the entire planing region can be defined symbolically as:

0 r r st; 0 < I < lac 4
- ~ st act

Finally, it is obvious that the unporting and get-away boundaries are actually two
particular cu ryes belonging to the family of curves defined by constant values of wetted[ length:

6-4
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Figure 6-1. Sketch Illustrating Hydro-Ski Planing Region in Trim-Speed Plane
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The idealized construction just described must now be distinquished somewhat
from actual aircraft behavior. It will be understood that the actual planing region for a
specific seaplane may sometimes be somewhat more limited than that considcred here.
The two related principal reasons contributing to this difference are:

1) The limitations on elevator -ontrol, depending in turn on such items as c.g.
location, ski location, power effects, etc,, which may prevent achievement of certain trim-r speed combinations;

2) As is typically the case with skis of large area, elevator control may be in-F adequate to permit ski unporting to occur at lower speeds without wetting of the hull after-
body (two-point unporting) and/or the hull forebody through spray thrown up by the ski. In
such cases, the basic assumption of the "skeleton hydro-ski seaplane" is only applicable to
a limited portion of the "ski planing" region described above.

While purely incidental in the present context, these remarks also serve to em-
phasize the most fundamental principle of hydro-ski system design, i.e., that such design
must be completeiy integrated with the aircraft's aerodynamic characteristics.

The detailed equation defining the ski unporting curve (Figure 6-1) is not pre-
sented here but can be derived by utilizing Shuford's equation for the steady-state lift
coefficient for the planing ski (see Section 3.2), together with the standard aerodynamic
equation:

A LA

in eq. (6-3). Similarly, the getaway curve is defined by:

C LA (r) qA Sw = W

S6.2.3 Linearized Equations of Motion

Considering now a specific planing equilibrium condition, i.e., a specific com-
bination of trim and speed inside of the planing region, let (h) and (-) represent very
small departures from their equilibrium values. Then, under stick-fixed conditions, i.e.,
elevators fixed at their trim settings for the equilibrium condition, the hydro and aero
forces and moments will be those corresponding to small values of (h), (r), and by the
same token (h) and (f-). Thus, their values can be approximated by using the first terr.-s
of the pertinent Taylor expansions, such as:

LH LH + (LHh)(h) +(LHT )(T) + (Li)(h) + (LH+)(Tr) (6-5)
eq

6-6'
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with similar equations for L A d MA'

In these Taylor expansions, the quantities in parentheses multip!,'ing the vant-
ables are referred to as "stability derivatives. They actually represent true partial de-
rivatives, i.e., for example:

LHh = (0 )r, h ,

Further, each such derivative generally depends on all four variables, thus:

iL = f 1 (h,r, h, r

The essence of the present linearized theory is that, for very small departures-from equi-
librium, each stability derivative can be approximated by assigning it tho consta" Value
associated with the equilibrium condition, thus:

I fl 1 (h =heq r r eq, o=0, r 4 =0)

I Now, if eqs. (6-5) are substituted into eqs. (6-1) and (6-2) and• fiuthe if'eqs.
(6-3) and (6-4) are subtracted out, the linearized equations can be written-in the aLbreviatedi ~ ~form:-

a(Ih +) +a2(h) + a3(h) + b2 (r) +b(r) = 0 • (

c2 (h) + c3 (h) + d l1 c) + d2 ( r) + d3 (T) = 0 J
Swhere: a, = W/g

a2  = LAb + LHi

aI A l L h Hh-7S3 = LAh + LHr

-(6-7)
b2= LA• *+ L

Ib =L +L
b3 LAr H rI c2 = MAh + Hh

I
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c C 3  Ah + MHh

(6-7)
d = MA- + MH-

d = MAr + MHT

SEqs. (6-6) represent the equations of the free transient motions of the seaplane
following a slight disturbance from any particular equilibrium planing condition. If desired,
they can be solved by selecting any arbitrary set of (small) initial values for the four qua..-
titles: h, r , h, r . What is of basic importance, however, is the nature of the free
motions, which can be determined from the "natural modes".

I 'The latter are obtained by substituting the "modal relations:"

XtX
h = hoe T roe (6-8)

into eqs. (6-6) to obtain:

S(alX 2+ a2  + a3)h. + (b2 X + b 3)r, =0
S(6-9)

S(c 2X + c3 ) ho + (dlX 2 + d2 X + d13) To = 0 J!
SEqs. (6-9 can only be true for the particular values of defined by:

aI + a2 + a3 bXk + b

[ =0 (6-10)
2

c X + c dlX + d + d3
2 3 1 2

[ Expanding this "characteristic" equation:

(a1 X 2 a2 X +a3)(d 1X 2 +d 2 X +d)_ (b2X + b3 )(c 2X + c3 ) 0

I4 3 2
or, AX + BX + CX + DX + E =0 (6-11)

1 6-8
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where: A a 1 d

B = a1 d2 + a2 d1

C ald 3 +ad 2 +a 3 d1 -b 2 c2  (6-12)

D 2d3+a 3d 2-b2 c 3-b 3c2

E =a3 d3 - b3 c3

Thus, the nature of the free motion is determined by the roots of a fourth-order
algebraic equation, (6-11), whose coefficients, defined by eqs. (6-12) and (6-7), are seen to
be extremely complicated functions of the "stability derivatives" and the two inertia values,
(W/g) and I.

Clearly, if desired, one could determine the nature of the free motions at any or
all points of the aircraft's planing region. However, such labor is excessive as what is
principally desired is the knowledge whether the free motions at a particular equilibrium
point inside this region are stable or unstable. For this purpose, it is only necessary to
subdivide the total planing region into "stable" and "unstable" sub-domains. The curves
bounding these sub-domains are referred to as "stability boundaries" and are obtained from

the following stability analysis.

6.2.4 Stability Analysis

I If the leading coefficient, A, is positive, it is well-known that the necessary and
sufficient conditions for the roots of an equation,

AX 4 + B X 3 + CX 2 + DX + E = 0

J to represent stable motions, are:

B > 0, C > 0, D > 0, E > 0, R> 0, (6-13)

where R, known as Routh's Discriminant, is given by:

R = BCD- B2 E - AD2 (6-14)

(This statement constitutes Routh's Stability Theorem for which a concise proof
is given on pp. 331-332 of Reference 6-2.)

I
I 6-9
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Obviously, then, in general, there may exist a number of stability boundaries
inside the planing region of a specific hydro-ski seaplane configuration which are defined,
respectively, by the conditions:

B = 0, C = 0, D = 0, E = 0, R = 0 (6-15)

F The two boundaries of most practical interest can be clearly defined, as follows:

a. The boundary, E 0, separates a stable region (E > 0) in which one mode

is a "subsidence" (h = hoe-at , a> 0) from an unstable region (E < 0) in which the cor-
bt

responding mode is a "divergence" (h = hoe , b> 0);

Sb. 
The boundary, R = 0, separates a stable region (R > 0) in which one m ode

is a positively damped oscillation (h = h. e cos w et, a >0) from an unstable region

(R < 0) in which the corresponding mode is a negatively damped, i. e., divergent oscillation
bt

( =(h e cos W 2 t , b> 0). Referring back to Section 6.1, it will be seen that the

"lower porpoising limit" is equivalent to the R = 0 boundary.

L It is thus seen that determination of the stability boundaries in the trim-speed

plane depends directly on the calculation of the hydro and aero stability derivatives.

6.3 STABILITY DERIVATIVES

Analytic expressions for the hydro and aero stability derivatives are derived in
Appendix C of this report.

The hydrodynamic derivatives are for a hydro-ski* undergoing unsteady planing
motions in calm water. They are derived by simple extensionis of the "equivalent planing
velocity" concept, introduced in Paragraph 5.2. 1 of this report. This concept is used in
conjunction with Shuford's expression for the planing lift coefficient, which has been ex-
tended to cover a type of ski planform not previously considered herein, namely, a basic
rectangular planform with a pointed triangular tail area. This was found necessary for[ comparison of the theory with available test data.

Analytic expressions are also derived for the aerodynamic derivatives, using
conventional approaches. The seaplane is assumed to be insensitive to ground effect, to
have a conventional aerodynamic configuration and, further, no account is taken of power-on
effects, either direct or indirect. It will be appreciated that these limitations are not fun-
damental, I. e., that the approaches utilized herein can be modified to account for such
features as strong ground effects, unconventional configurations such as canard stabilizers, etc.
* These derivatives are also applicable to a seaplane hull in the chines-wet condition, provi-[ ded that the wetted planform is of the type considered herein.

6-10
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J Regarding the aerodynamic derivatives, it is pointed out that the so-called "static"
derivatives are best established from model test data obtained through either wind tunnel
tests or the aerodynamic tests normally conducted on towing tank models. This is practically
mandatory if it is desired to make stability calculations for power-on conditions as the ac-
curate estimation of power-on aerodynamic characteristics is an exceptionally difficult task,
particularly for propeller-equipped seaplanes. Similar considerations apply to ground

"I effects.

Finally, it was found expedient to express all of the derivatives in dimensional
form, rather than the non-dimensional form most often used in theoretical stability analyses.
The conversion to non-dimensional form can, of course, be readily accomplished if so
desired.

6.4 COMPUTER PROGRAM FOR PLANING STABILITY

I Based on the foregoing considerations and analyses, a computer program has been
established for determination of the lower planing stability (porpoising) boundary. The fun-
damental nature of this program can be understood by reference to the following sketch:

r T K S T P6

SKI PLANING REGION

5 I USTABLE POROSN

I IIII S. BOUNDARY

S~GETAWAY

I Vl VmIn V2  V3  Vmax V4

I
6-11
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A. Numerical inputs consist of all aero and hydro characteristics of the specific
hydro-ski seaplane necessary for the calculation of equilibrium values and stability deriva-
Lives, together with a series of preselected speeds.

B. At each speed, equilibrium conditions are calculated at various trim angles,
using small trim angle increments and starting iust above T = 0° (zero hull keel trim).
The first quantity calculated is the equilibrium wetted length. This value is compared with

the actual (total) ski length. cac< 1 ac this means that the ski is still submerged

and the calculation proceeds to the next higher trim value, for which the equilibrium calcu-
lation is repeated. Two possibilities thus occur:

a) If the selected speed (such as V1 in sketch) is less than Vmin' the

aircraft stall angle is reached before ski planing can occur. In this case, the calculations

start all over again at the next higher (preselected) speed.

b) If the particular speed (such as V2 , V3 , or V4 ) exceeds Vin, a trim

will be reached at which the calculated wetted length is just slightly less than the actual ski
length. This combination of speed and trim then represents a point (such as P2 ' P3 , P4 1

on the ski "'mporting" curve. The computer then prints out the speed and trim values,
together with the equilibrium wetted length. At this point, the computer also calculates the
stability parameters, i.e., the coefficients, B, C, D, E of the stability equation and the
corresponding value of R. In the usual cases, B, C, D, E, are all positive while R can be
either positive or negative. If R is positive, then the point is inside the stable region,
such as P in the sketch. If R is negative, then the point is in the unstable region, such

2Sas P3 in the sketch. The computer prints out these values (B, C, D, E,R) for each point
encountered on the unporting curve.

I c) After reaching a point on the unporting boundary, the trim angle is auto-
matically increased and the equilibrium values and the stability parameters are calculated
for the new trim. The computer then compares the signs of the stability parameters with
those for the previbus trim angle. If there is no change in any of these signs, the computer
proceeds to the next higher trim angle. This process is repeated until such a sign change
occurs. Only when this happens- the computer again prints out the speed, trim, ski wetted
length, and the stability parameters. In the usual case, it is the sign of R that changes
and the point at which this occurs represents a point on the "porpoising boundary", such as[ P5 in the sketch.

d) In any case, the calculations are continued until the trim reaches either
Sthe stall angle (P 6 in sketch) or else a point on the "get-away" curve (P7 in sketch). The

"get-away" curve represents the condition at which the seaplane just becomes airborne,
Ii.e., mathematically speaking, at which the ski wetted length just becomes zero. On

L 6-12
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reaching points such as P6 or P71 the computer reports the corresponding fact in its

print-out.

I e) It is obvious that, by using sufficiently small increments both for speed
and trim, the computer print-out will include all the information necessary for accurately
plotting the ski unporting curve, the getaway -urve (thus defining the boundaries of the
entire ski planing region) and the stability boundaries (such as R = 0) inside of this region.

The computer program was written in Fortran lV language. Figure 6-2 is aflow diagram illustrating the program logic; Table 6-1 shows the code used; and Table
6-2 is the comr-.ete program statement.

I It must finally be explained that the treatment of the aerodynamic characteristics
used in this program assumes a prior knowledge of the aircraft lift and moment curve.
Some generality has been introduced by assuming both of these curves to be parabolic,
rather than linear.

II
I
II'
I
I
I
I
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STABLE 6-1. FORTRAN IV CODE FOR PLANING STABILITY COMPUTER PROGRAM

MATHEMATICAL FORTRAN
ITEM NOTATION NOTATION

maximum ski beam bmax G1

perpendicular distance from c. g. of
Saircraft to keel line of ski p G2

distance along ski from point at which p Is
measured to ski trailing edge (+ if aft) q G3

incidence angle of ski with respect to
hull keel line I G4s

ski deadrise angle 3 G5

wing area G6[ w
horizontal tail area St G7

distance from aircraft c. g. to

quarter chord of tail It G8[t
mean aerodynamic chord G9

Slength of tapered portion of ski Ib GlO

wing incidence with respect to
hull keel line iw G11

Sconstants in CL, CLc CM, CM0(

aerodynamic equations G12,G13,[ G14,GI5,
G16,GI7,
G19

downwash parameter dc /d G18W

6-15
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TABLE 6-1 (cont'd)

MATHEMATICAL FORTRAN
ITEM NOTATION NOTATION

slope- of aircraft lift curve CLo S2

slope of horizontal tail lift curve

I (based on tail area) CL 0•t 83

I slope of aircraft moment curve CM A S4

t number of velocities examined for
each study N

aircraft mass W/g AMASS

-aircraft pitching moment of inertia,
relative to c. g. I AINER

actual ski length 1act ELACT

I stall angle of aircraft (not used) STALL

incremental change in aircraft trim A r DTAU

aircraft (keel) trim r TAU

I index J,K, L

Saircraft speed VH VV=V(J)

Sdynamic pressure (hydro) q w QW

dynamic pressure (aero) qA QA

non-dimensional length of tapered
portion of ski Ab ELBB

non-dimensional wetted length of ski A ELWE

6
I
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TABLE 6-1 (cont'd)

IEMATHEMATICAL FORTRAN

ITEM NOTATION NOTATION

rwetted length of ski 1w ELWET

coefficients of stability equation at r r A. B, C, A, B, C,
D, E D,E

coefficients of stability equation at AA, BB,
r = r +Ar CC,DD,

EE

SRouth Discriminant at r = r R

Routh Discriminant at r = T + &1T RR

derivatives of hydro lift force with respect

to trim angle, pitching velocity, heave, "rand heave velocity LHT , LHr , HF(1), HF(2),

Lh L HF(3),HF(4)

term:. used in equations for A
(See Appendix C) b, c, N A3, A1, A2

derivatives of hydro pitching moment with
respect to trim angle, pitching velocity,
heave and heave velocify M H -HM(2),

T M HHM(3), HM(4)MHh' Hh

derirttives of aero liW f. Jrce with respect
to trim angle, pitching velocity, heave,
and heave velocity LAr ' A • AF(1),AF(2),

LAh LAh AF(3),AF(4)

derivatives of aero pitching moment with.
respect to trim angles pitching velocity,
heave, and heave velocity MAr 'MA AM(1),AM(2),

Ar MAr AM(3),AM(4)

MA6MA

6-17
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I TABLE 6-I (cont'd)

MATHEMATICAL FORTRAN
ITEM NOTATION NOTATION

heave, instantaneous height of c. g.
above W. L. h H

coefficient of hydro lift CLH CLH

wetted ski area SW SWI
instantaneous lift force on heaving and
pitching ski LH PLH

hydro moment arm f F

I instantaneous moment acting on heaving
and pitching ski M PMHIH
variation of ski wetted area with heave Swh SWH

variation of hydro moment arm with heave -h FH

i variation of hydro lift coefficient with trim CIH CLHT

I variation of ski wetted area with trim SWr S\VT

3 variation of hydro moment arm with trim f T FT

I
I
I
I
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TABLE 6-2. FORTRAN TV STATEMENT OF PLANING STABILITY COMPUTER -PROGRAM

IIFOR
*LIST SOURCE PROGRAM ________

*NA-E STAWL -- __________

*IOCS(CARD. 1131 -PR! NTER! - --
DIMENSION V(5O1
CO~mON -rljG2-eGL4-,65,966.61,B69,G9,61OA!4ASS.AINER.
1OW.OA.S29S3,S4.G1BELWEELWFT.A4,A5.G19
REAnl2±L)G1 .62or3GG5GGeQGo IQ *AMASS &AINEJR

READI?, 10 )G1.G129o 63 .614 .615 ,16 , 67 , 68 .619
10 FORMA T(SFIO.5,*.Flo.51-- - - -

WRITE( l.10)Gll*GI2*GI3,G,5G.7G.9GOAASA[ READ(2911) NELACT*STALL9DTAU
11 FORmATjIZLA3ElSJQ.i ____

WRITE(3*11) NELACT9STALL9DTAU
REAn 2?&211Y(J.)1Jmj~U ___ ----- -*---[1? FORMAT(FlOe53
DO 100 -J= I N ________ _

TAUs. 002

Lu I
VVZv( JL _ - -- ____

3 TAUI=TAU+G4
OW-.993jLyM*t*2.__
OAz~.00119*VV**2

C CALCULATION OF WETTED LENGTH AT F001I
A421.5708IJAL4XCQSIUAUItURoZ -&-SINlG5J I
AS-1.333*SINITAUI).e2.COS(TAUI)**3.COS(G5I

C A4 AND AS ARE uISE3) 1 RAulmT
ELBR-z1O/G1

C NOW C-)-FS A TEST ON THE RHi5 OF WETTED LENGTH EQUATION
1F(A2137237928 ________ __

37 WRITF(3969) VVsTAtUD
69 FORVATW/AT VELOCITYlSl.fQ5s'-ETjcFC ME-LEAWKY TRIM IS9'F1O*5*

1 'DFGR.FFS' /1

A3= (A4+A5-.5*EL8R*A5-A2)l A5

C THIS EOIATION IS FOR THE CALC. OF WETTED LEN.- IN RECTANGULAR REGION
-ELW!Ez (A3+ABSEA3 *SORTt 1.±14,AaAlj3**2I I J-2.

C TESTING FOR FORMULA VALInITY

74 ELWTFTL~r*6l[ C FORMULA FOR TRIANGULAR REGION OF SKI

ELWFTuG1*ELWE
-- F5IF FIAEL CIEL297tL-.i.-[1 TA~uTAtJ.OTAU

2 GO TO (495)9K
4 -- TAUDmTA'lk52-l .

WRITE(3,200) VV9TAUD
200 FORmli- A TL THE vE.LO.QC.LTYJJ-FlOs.5.JTJ/SU T.HR--LOWER LIMIT PLANING

ITRIM IS,'F1O.5, 'DEGREES'/)
WRITE139205, FIWET

25 FORMAT(/# ELWET IS'oF1Oa5/)

L 205 Ku26-19-
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TABLE 6-2 (cont'd)

C CALCULATION OFSKI STARILTY
5 CALL' R160THRV-9-Mu iI7AKqc Do E iR 9CLEOI

--GO TO 16#719L
6 WRITE(3.;2O~)_ A,B*C,DE,R
201 FORMAT($ AT THE LOWER LIM IT PLANING TRIM THE COEFICIENTS OF THE

ISTARILIfY EQUATION ARE(RoLJTH DISC IS LAST)'/6E15s4)
AAuA _______

t~R

La?
TAUs TA`6jU~l'0
'530 TO 3

7 TAUDDs t~rG_~lUPI*t 7-.
TAUD=TAU*57. 3 --

A IF(C*CR)23#23#

20IF(E*EE)23o23#21___

23 WRITE(3#2021_TAUDDAABBCC.ODDEE.RRTAUDA,A8C~oER
22 FORNCATul AT A TRIM 0F1,F1O.5,'THE COEF ARE(R IS LAST)'/6E15*4/8

IAT A TRIM OF19F10.5s' THECOEF ARE(R IS LASTI'/6E15s4/)
wWr~11t _706) LE

206- FOPMAT(/@ ELWET IS',F1O.5/i_
22 AAzA_

R PRa=R
CCzC

27 TAUDzTAU*57.3

WRITE i3 #2033 VV #TA _Ulr' _ HE U P R L m L N N203 'FORUMAT(I -AT THE vtLOCITY19FIo.590FT/SE THES_ PRLMI LNN
1 TRIV7 !S#,F1O.59' DEGREES'/)
WRITE(3#207) ELWET

207 FORMAT(/s EbLwET Is',-F1O*5/)
GO TO 100

24 IF(TAU-STALL)25.2&6,26_
2.5 ,.TAtUUTAUDTAU________

26 _TAUn=TAU*57.3

WRITE(3,20'., VV9TAUD
204 FORMAT(' AT THEKELQM0_TY_!fl.EIs15 'FT /SEC THE PLANE STALLS AT

l'*F1O*5,' DEGREES.'/)

2THE COEF ARE (R IS LAST)'/6E15*4/)
WRITE(39208) ELWET___

208 FORMAT(/' ELWET IS4 ,F1O.5/)
100 CONTINUE ___________ __

CALL EXIT
END____

FFATURES SUPPORTED 
____
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j TABLE 6-2 (cont'd)

[ I/~~~~FOR __ _____ __

*LIST SOURCE PROGRAM
SUBROUTINE ROUTM(VVsTAUIsAlRsCsD.FaRsCFlvn
DIMENSION HF('.),IH(4J9AF(4)aAM(4)
COMMON G~G26.~GeAGt&~~tA-MA~SSAItJPR.
1OW.OAS2,S3,S4.GlRELWEELWETA4.,A5,GI9

500 HaSI(AI*(3G*O(TAUI)/SIN(TAi-)EEWETI~
CI._Qu(A4/LG1Q.1. I 3AS __________________

SWu(GI*'2I(2.#G1O) 3*ELWE**2

- .PLH=CLH*SW*OW -_ _

FHu-.75/TAUI
CLHTu1.57OR4(1.-SINIG5 J*(l.-1.5*TAUJE*2)/(G610e1.IeZ667*COS(G5)*(
lTAUI-3.5333.TAVI*.3)___
SWTs-Gl*(GZ-H) /1AUI**2*ELWE/G1O
FTu-s75*(G2-H) /TAUI**2
HF(3 DwPLH*(SWH/SW)
HL413) uP?4H*ISWHISW+FH/Fl ________

HF (1)=PLH* (CLHT/CLH+SWT/SW)
M,__'4(l1)ZPMH*(CLHT/CLH+5WT/SW+FT/IF
ZaVV*TAUI

HM(4)2-2.*PMH/Z

5. ~HF(2 )z-2**PLH*(G2-H) IZZ
Hm(21-2,*0I H*lG7-Hl/77 - -

GO TO 7r0

SW.mzGI*R2..LELWF-. A ____

PLH=CLH*SW*OW

* PmNzF*PLH
* ~CLM~4ýAA/(Gl(rLWF+1 - ________ ___

SWHz-G1/TAUI

3'CLHTzl.57Ol!*(1.-SIN(G5))*(G2-H)*(l.-.5*TAUI**2)/((ELWE+,1)**2*Gl
15)*( TAUZ-3e3333*TAUI**3j

*SWIAGI~tC7-HI/TALti**?

FT=-.75*(G2-H) /TAUI**2-.--. .

H8lUAPlk JIC[HT/rlH.s~WT/rw%
HM(1 )WPMH*(C'LHT/CLH+SWT/SW+FT/F)

-- ZF~VViALLL_______.
HF(4)=2*2*PLH/Z
HM f 4 v7.iP~mjZf1±L
ZZ=VV*TAUI.*2

HM(2)=-2.*PMH*(G2-H) /ZZ

AM(l1)uS4*QA*G6*G9

L ~Am(2)*-( 1.1+Glg)*OA*S3*G7*GS**2/VV

Am( 3)x0.0[ ~AFA(4Iu-AF(1 Il/VV
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TABLE 6-2. (cont'd)

AV=4 (4 ) +AF(1)/

AI='4FI)+AF3)

r7 =&4,, (4)1 +AM ( 4)

fl?=W%4(?)+A"( 2)

J ~A=A *nl~

r=AI *rn3A?*i)?+A3*r~l..P2*C?

F=.A3*r%,-i~r

P PFT!I ~

J 4# A AI A fLFS 1214'GiA~
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F ~TABLE 6-2 (cont'd)

/1FOR -

A=TURc1SPCOLTINIF AFRO(TAIJCLFQS2,S3,S4,G~llr 2,Gil 3 *G14,Gl5,Gl6,Gl7,G1H,

F r~(LFc0=+G1,*A**2+Gl3*A+fGl 4
S2=+r(15'*A+rG13
S4=C,16*Aer17

RFTrJP

[ ~CflRr PROL0tRFk4FNTS FOP AFRO
COVO0f VAR IARLFS 4 PROGRAM 78

rND OF Cnk'P!LATION
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6.5 CORRELATION OF TEST DATA

Reference 6-3 presents the results of towing tank tests conducted on a 1/19-scale
unpowered model of the Martin Model 329-C-2 Mach-2 patrol seaplane design. These tests,
which covered separate evaluations of three different hydro-ski installations designed for
this seaplane, included measurements of the lower limit porpoising boundaries. Two of
these experimental boundaries will now be compared with the corresponding theoretical
boundaries obtained from the computer program just described.

Table 6-3 lists the aerodynamic and related inputs for the computer program. It
may be noted that the geometric values are those for the model-while the aerodynamic values
are those obtained from combined analyses and wind-tunnel tests of an earlier version of
this seaplane design (Martin Model 329C-1). The resulting inaccuracies are believed to be
negligible. Similarly, Table 6-4 lists the hydrodynamic inputs for the two hydro-ski instal-
lations investigated. * Both of those skis had the type of planform considered in Appendix C,
i.e., essentially rectangular skis with triangular trailing edges. Further, both skis had
leading edges curved in plan view. For the calculation of the ski unporting curves, the curved
leading edges were replaced by straight ones located at the area centroids of the curved
areas. This is reflected in the total ski length values listed in Table 6-4 which are slightly
smaller than the geometric lengths.

Using the values listed in Tables 6-3 and 6-4 as inputs, the computer program .
just described was used to calculate tlie-ski planing region boundaries and the lower limit
(porpoising) boundary for eachlof the two hydro-ski seaplane configurations. The compari-
sons of the calculated and experimental porpoising boundaries are shown separately in
Figures 6-3 and 6-4. In addition to the ski unporting and getaway curves which are fur-
nished by the computer, these graphs show an additional intermediate trim vs. speed curve
corresponding to tihe waterline location at the intersection of the rectangular and triangular
portions of eac?. ski. This particular waterline curve is of interest in interpreting the
nature of the porpoising boundary and, as will be seen below, plays a fundamental role in
determining the dynamic stability characteristics of certain ski configurations.

The general nature of the relation between the experimental and theoretical
boundaries is very much the same for the two skis and is best described by the phrase:
"semi-quantitative agreement." That is, the theoretical values are numerically close to

the experimental ones but do not duplicate the details of the experimental curves, particu-
larly the curvature reverses. Further, ia the case of the Edo small ski (Figure 6-3), the

• The third ski installation ("Convair configuration") employs a hinged ski incorporating an
oleo shock strut. Thus, the planing stability analysis for this type of configuration would
necessarily involve a third degree of freedom 'ski incidence) While che parameters for
such an analysis can be readily determined from the information in this report, the
analysis itself is relatively complex and was considered to be beyond the scope of this
project.
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agreement between the basic slopes is not too good but is better for the Martin small ski

(Figure 6-4). However, generally speaking, the numerical agreement is about as close as
that obtained in other analyses of seaplane hull porpoising. (See Reference 6-5, for example).

F TABLE 6-3. AERODYNAMIC CHARACTERISTICS OF THE MARTIN 329C-2 SEAPLANE

F (All values are for model scale: X 1/19)

Wing Area, SW, sq. ft. 4.*99

SWing M.A.C. , U, ft. 1. 40 *

r Wing Incidence (to Hull Keel, WLO), iw, deg. 30 *

Horizontal Tail Area, St , sq. ft. .868 *

Horizontal Tail Moment Arm, It, ft. 3.41 *

F Gross Weight, pounds 39.4 *

2Lonigitudinal Moment of Inertia, slug ft. 22.61 *

Aircraft Lift Curve: C = -8.22 o( 2 + 6.71 o([ A
+ .260

Aircraft Moment Curve: C = 6. 05 o( 2 1. 76 o( .0774
A w w

dc/d c< .24 ****

• From Figure 5, p. 22, Reference C-4

•** From p. 25, Reference C-3[ *** Approximated from Figure 16, p. 50, Reference C-4, for take-off condition
(L. E. flaps @ 8, T.E. flaps at 40°, in ground effect, iT = 0), c.g. corrected
to 32% MAC (tank model location)

" **** From Figure 15, p. 48, Reference C-4, (gw in radians)
w
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3 TABLE 6-4. HYDRO-SKI INSTALLATIONS TESTED ON THE MARTIN 329C-2 SEAPLANE

(All values are for model scale: X = 1/19)

MARTIN EDO
SKI INSTALLATION: (Small Ski) (Small Ski)

3Maximum Ski Beam b max, ft. .158 .203

Total (effective) ski length, 1 ft. 2.11 .898
act' * .1.9I

Length of Triangular T. E. ,I bs ft. . 125 .278

Ski Deadrise Angle, • , deg. 00 200

Ski Incidence to Hull Keel, isK, deg. 7.720 00

Height of C.G. above Ski.Keel Line, p, ft. .711 .703

Distance of Ski T. E. aft ! from C. G., q, ft. -. 044 -. 131

Although, as just indicated, the discrepancies between the theoretical and experi-
mental boundaries are not terribly great, it was considered important to ascertain their
probable cause. Generally speaking, if it is assumed that the analytic expressions for
the stability derivatives used herein are accurate, then the discrepancies must be attri-
butable either to omissions in the theory or else, to effects present in the mode! tests
which violate the basic theoretical assumptions.

In connection with the first of these possibilities, the present analysis does not
include the direct effect of ground proximity on the slopes of the aircraft wing and tail
lift curves and on the downwash angle at the tail, all of which produce non-zero values
of the two derivatives, L and MAh. Accordingly, expressions for these contributions,

based on lifting line theory, were developed and included in the computer program which
was re-run for the Edo small ski configuration. It was found that all of these contribu-
tions had an utterly negligible effect on the theoretical porpoising boundary. Based on
this negative result, these contributions were then removed from the program.

Another possible contribution to the discrepancy can lie in aerodynamic non-
linearities associated with elevator and/or stabilizer deflections, which was the method
used in tha tank tests for trimming the model in the planing region. That is, it is possible
that the actual value of C MAT varies somewhat with elevator or stabilizer deflection.
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I
Unfortunately, the basic a-odynamic data required for a direct check of this hypothesis
were unavailable. However, a check of data for another seaplane (HU-16) indicated that
this effect was probably too small to have any appreciable effect on the computed porpoising
boundary.

It was finally concluded that the real major cause of the discrepancies between
the computed and experimental porpoising boundaries must be the impingement of spray
from the ski on various parts of the tank model. This phenomenon can be seen clearly in
the photographs shown in Reference 6-3 and is specifically mentioned in the verbal descrip-
tion of the test results for both the Edo and Martin small skis. It is thus seen that this
feature, present in the tank tests, violates the basic assumption utilized in the mathematical
model that there is no wetting of the hull (or aerodynamic surfaces).

If this effect is accepted as the most plausible cause for the discrepancies, the
actual agreement obtained must be considered very satisfactory. This means that any
parametric studies based on the present computer program will be valid, both qualitatively
and quantitatively, but only within the confines of the assumption that there is no wetting of
the aircraft. From the standpoint of practical engineering design, it also follows that the
results obtained with the present computer program will be useful in preliminary investiga-
tions of planing stability but cannot be accepted as necessarily realistic for any given con-
figuration for which accurate values can only be obtained by tank tests. This restriction
must be borne in mind in connection with the parametric studies presented in the remainder
of this report section.

Using the computer program, a limited number of such parametric studies have
been made and will now be described. While the effects on the planing stability of the aero-
dynamic parameters, particularly the static stability (M ) and pitch damping (MA .),

are of great interest, the present investigations have been limited to variations of the prin-
Scipal hydrodynamic (ski) parameters, including ski beam, ski deadrise. ski incidence, and

ski vertical and horizontal locations. It is obvious that variations in ski length obtained by

changing the ski L. E. location while maintaining the same T. E. location, are of little in-
herent interest as their only effects are to alter the unporting boundary of the planing region
and, accordingly, either extend or shorten the porpoising boundary curve.

For convenience in these studies, the aerodynamic characteristics of the Martin
329C-2 seaplane were retained and the ski installation characteristics considered were

variations of those for the Edo small ski.

6.6 PARAMETRIC STUDIES OF PLANING STABILITY

r 6.6.1 Effects of Ski Beam Loading

The actual beam loading of the Edo small ski was 73.7. Additional computationsSwere made for beam loadings of 50, 100, and 150, i.e., for new ski beams of .231 ft.,

6-29
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J . 183 ft., and. 160 ft. (model scale), with all other ski parameters unchanged. The resulting
porpoising boundaries have been plotted in Figure 6-5.

I It is seen that increase of beam loading hP 3 the distinctly undesirable effect of
raising the porpoising boundary to higher trim values. Noting further that increased ski
beam loading will, if anything, enhance upper limit porpoising as well, i.e., lower theJuppe porpoising boundary, it is apparent, in any case, that the net effect of increased
beam loading is to reduce the stable range of trim-speed combinations for equilibrium. It
is thus obvious that, to obtain the desired load alleviation characteristics inherent In skis
of high beam loading, special attention must be given to the planing stability problem, i.e.,
it becomes necessary to compensate for the deleterious effects of the high beam loadi-g on
planing stability by careful selection of the other ki installation parameters.

6.6.2 Effects of Ski Deadrise Angle

The actual deadrise angle of the Edo small ski was 200. Additional computations
were made for deadrise angles of 0* and 10%, with all other ski parameters unchanged. The
resulting porpoising boundaries have been plotted in Figure 6-6.

It is seen that increase of ski deadrise angle has the same unfavorable effect as
increase of ski beam loading, i. e., it raises the porpoising boundary to higher aircraft
trim values. Thus, the other principal characteristic conducive to impact load alleviation
is found to be unfavorable from the porpoising standpoint, making it all the more mandatory
to compensate by suitable choice of the remaining parameters.

6.6.3 Effects of Ski Incidence

1 The actual incidence of the Edo small ski with respect to the hull keel line was 00.
Additional computations were made for ski incidences of 50 and 10', with all other ski
parameters unchanged. More specifically, this means that the changes in ski incidence
were obtained by a rigid body rotation of the ski about the c. g. in which "p", the perpendicu-
lar distance from the c. g. to the ski keel remains unchanged. (See the sketch of Appendix
C.) The resulting porpoising boundaries have been plotted in Figure 6-7.

It is seen that increase of ski incidence has the distinctly favorable effect of lower-
ing the porpoising boundary to smaller aircraft trim values. Further, while this effect cannot
be precisely predicted, it can be anticipated that positive ski incidence will also have the ef-
fect of raising the aircraft trim values for the upper limit porpoising boundary (if any).

3 In practice, these significant advantages of ski incidence with respect to planing
stability will, of course, be offset by its disadvantages relative to other hydrodynamic and/or
design parameters. One obvious feature in the design category is the possible awkwardness
in retracting a ski with incidence. More important are the anticipated adverse effects of
excessive ski incidence on ski impact loads and on ski resistance, both In smooth and rough
water. It is therefore obvious that, while a certain amount of incidence can be used very
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effectively to offset the harmful effects on planing stability of high beam loading and deadrise
values, careful analysis is required to assure that other important limitations on the ski
installation are satisfied.

6.6.4 Effects of Ski Vertical Location

While not precisely obvious from the expressions for the hydrodynamic stability
derivatives given in Appendix C, it is intuitively apparent that the vertical location of the
ski should have a negligible effect on planing stability. This assumption was checked by a
calculation in which the actual strut length was doubled. The results (not plotted herein)
showed that the lower limit porpoising boundary trim values were d~ecreased by only . 05',
thus clearly proving the correctness of the intuitive assumption.

6.6.5 Effects of Ski Longitudinal Location

Based on the tank test results, the optimum longitudinal location of the Edo small
ski corresponded to the value, q =. 131 ft. (model scale), where q is the distance to the
ski T. E. from the foot of the perpendicular drawn from the c. g. to the ski keel line. Addi-
tional stability calculations were then made in which q was increased and decreased, re-
spectively, by one whole ski length. Figulre 6-8 shows the lower limit porpoising boundaries
obtained from these calculations.

It is seen that, while the effects of these rather large shifts in the longitudinal
location of the ski are not very great, shifting the ski in either direction has the favorable
effect of lowering the trim values of the porpoising boundary and, further, a forward shift
is slightly more favorable in this respect than an equal aft shift.

These particular calculations also served to reveal certain novel results con-
cerning the planing stability characteristics of pointed hydro-skis which are illustrated in
Figure 6-9. This graph shows that, for the aft ski location, there exist more than one
planing stability boundary. More specifically, for this particular ski location, in addition
to the usual "lower limit porpoising boundary," there are other boundaries (at higher trims)
associated with changes of sign in several of the "stability coefficients. " This novel result
is explained as follows:

Examination of the mathematical expressions for the hydrodynamic stability deri-
vatives in Appendix C shows that discontinuities in certain of these derivatives occur wizCnl
the waterline passes the intersection of the rectangular and triangular portions of the sk..
Further, the magnitudes of these discontinuities depend on the value of the geometric para-
meter, q, which defines the longitudinal location of the ski. For (relatively) forward ski
locations, these discontinuities are not adequate to affect the basic nature of the planing
stability characteristics, i.e. , for such locations, there exists only one stability boundary
for which R = 0 (lower limit porpoising curve) separating the unstable (lower) trims from
the stable (higher) trims, irrespective of waterline location on the ski.
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On the other hand, if the ski is sufficiently far aft, the discontinuities -:n!:ociated
with the waterline location become sufficient to counteract the positive stability that would
otherwise exist ant' then result in negative stability for all waterlines in the triaugular
region. Thus, as clearly illustrated in Figure 6-9, the net undesirable result is to limitSthe region of positive dynamic stability to a relatively narrow band, all totally apart from
further possible limitations associated with upper limit porpoising. While it would obvi-

ously be of considerable interest to define more closely the precise aft location at which
this novel phenomenon first occurs, this item was not investigated.

It Is supposed that a kindred phenomenon occurs in the planing stability character-
istics of seaplane hulls having pointed (so-called "faired') steps. Although its beam loading
will generally be substantially lower than that of a ski, the two configurations may otherwise
be considered comparable if the step "point" is identified with the ski T. E. If this analogy
is indeed valid, then it could possibly account for the unusual "unstable 'islands' in the trim
limits of planing stability" mentioned on p. 5 of Reference 6-1.
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7. WAVE RESPONSE CHARACTERISTICS OF THE SKELETON HYDRO-SKI SEAPLANE

7-1 INTRODUCTION

As made clear by Figure 5-6 in Section 5 of this report, it is the high beam
loading of the hydro-ski which gives rise to its load alleviation capability in single impa' ts,
particularly as compared with the conventional seaplane hull. Equally dramatic and im-
portant is the ability of the hydro-ski to reduce the seaplane's motions and accelerations
when planing in rough water. As has been further clarified in Section 2, above, this capa-
bility plays a fundamental role in the design of hydro-ski installations, thus making it man-
datory for the designer to have available certain basic parametric studies relating to the
wave response characteristics of hydro-ski seaplanes. Such data, covering as a minimum
the effects of the principal ski installation and aerodynamic parameters, could be of two
types:

A) Experimental data as obtained from towing tank model tests and/or,
preferably, full-scale flight tests;

B) Conceivably, theoretical data, as obtained from a suitable computer
program. Such a program would, of course, have the additional
advantage of permitting calculations to be made for specific configu-
rations in lieu of or, at least prior to model tests.

At this time, the vast expense and practical difficulties involved in flight testing
have ruled out this source of information. Further, with but one exception, no genuine
model test parametric studies have been sponsored nor is there presently in existence a
computer program relating to this subject. Considering further that the establishment and
validation of such a program, ever with many inherent limitations, would be far more eco-
nomical than model test studies. the achievement of this goal was established early during
the current project. This report section gives:

A) A detailed description of this program;

I B) A comparison of calculated wave responses with the few available
experimental data.,

Outputs of the computer programn for determlnation of wave response furnishes
certain important practical information for hydro-sid installation design. As in Section 6,
this program is based on the assumption of a "skeleton" hydro-ski seaplane. thus neglecting
wetting of the hull. For a given configuration, one of the program outputs is the maximum
submergence of the ski below the wave surface. This quan:ity is directly related to the mi-
nimum strut length (alternately, the clearance between hull and ski) required to ensure that
no hull wetting occurs during high-speed taxiing.
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Thus, the program furnishes an important criterion for strut length require-
ments. It will. of course, be appreciated that this is only one of several critertA involved
in the selection of strut length. Some of the others are:

1) The strut length required to avoid hull after-body wetting in smooth water
at high trims %*to eliminate high angle porpoising tendencies and to reduce[ drag);

2) Avoidance of excessive strut length to reduce strut drag prior to unportiug;

F 3) Avoidance of excessive strut length to reduce directional instabilities,
usually associated with forward ski locations;

4) The strut length required to reduce spray ingestion into engine intakes
and/or propeller disks at or near unporting.

A more complete fiscussion of this entire problem area is given in Section 2
of this report.

Unlike the planing stability program described in Section 6, this computer pro-
gram is very -omplex because it has been deliberately based on a highly non-linear mathe-
matical modei for the hydro-mechanics of the ski. Actually. a much simpler linear mathe-
matical model might have been selected. Accordingly, an explanation of this choice is given
in Section 7.2 prior to the description of the non-linear analysis.

C 7.2 WAVE RESPONSE THEORY

Sr7.2.1 Linear Approach

In the preceding report section, the linearized, two degree-of-freedom equations
of motion were used to analyze the problem of dynamic stability of the skeleton hydro-ski[ seaplane in smooth water. Using well-known procedures, the same equations of motion
can also be modified to determine the motion of the planing hydro-ski seaplane in waves, pro-[ vided that the wave height is "sufficiently low".

If attention is restricted to the relatively simple case of regular, head-sea
waves, the actual procedure is to consider the wave motion as a small perturbation of the
smooth water condition and to determine analytically the associated periodic hydrodynamic
forces acting on the moving ski. After a suitable linearization procedure, that is, the eli-r mination of products of all small quantities (wave height, motion amplitudes and velocities),
these periodic forces are then introduced on the right-hand side of eqs. (6-6). By well-
known techniques, the resulting equations can be solved to yield the steady-state response
solutions for h (t) and r (t), i. e., the persistent motions which follow the disappearance of
the transient motiois excited by any specific disturbance.
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It is further obvious that the "2lytical determination of the steady-state re-
sponse could have been established by a relatively simple extension of the analysis given In
Section 6. This extension would consist of another computer program, involving the wave
length L as an additional parameter.

It is equally obvioas that there are very severe limitations on the tpplicability
of this approach to the realistic prediction of wave response of hydro-ski seaplaier. While
the motions of a ski-equipped seaplane in a given (regular) wave train may be assumed to be
much gentler than those of a comparable hull-type seaplane (of -iimilar gross weight, di-
mensions, and aerodynamic and propulsion characteristics), experience shows that even the

I ski-equipped vehicle will generally exhibit a non-lin3ar response for waves of fairly sm &ll
amplitude. It is readily appreciated, in fact, that totally apart from wave considerations,

I a planing hydro-ski is inherently a non-linear device for at least several reasons:

A) Even at constant trim, the ski lift and pitching moment do not depend
linearly on its draft;

B) More generally, the ski lift and pitching moment are complicated
non-linear functions of draft, trim, and their rates change, as can be
seen directly from eq. (5-4);

C) The Anite ski length gives rise to relatively sudden changes in lift
and pi, .hing moment at (or near) ski submergence.-

Depending on wave height and wave length, some or all of these non-linear ef-
fects can be important in the wave response problem. Thus, whereas the linearized theory
is capable of furnishing meaningful and practical information in the problem of the planingJ stability, it fails to do this for the wave response problem except in the uninteresting case
3f extremely small wave heights.

7.2.2 Non-Linear Approach

Based on the foregoing considerations, it was decided to establish a computer
program for the calculation of the wave response motions of a skeleton hydro-ski seaplane
which would account for all of the known non-linearities. It was appreciated initially that,
at least in principle, certain difficulties are inherent in the interpretation of such calcula-
tions, for the following reason.

Whereas in the linearized approach, the steady-state response is completely
independent of the initial conditions, this is no longer true when the equations and resulting
motions become distinctly non-linear. For example, this means that, if a time history is
calculated with one choice of initial conditions and is then repeated with all inputs the same
except with different initial conditions, the "steady-state" motions (those prevailing after a
sufficient time for the stable transient motions to damp out) may be distinctly different and
show large discrepancies in such key features as impact acceleration magnitudes, diving

V tendencies, etc.
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No 'a priori" answer tW this problem area can be provided at this time, in part
5 because of the existing lack ol experimental data required for comparison purposes. The

approach taken in this report is a statistical one, wherein several "rums" are made for each
case with different initial conditions. This procedure is essentially identical with that cur-
rently employed In towing tank tests for determining the planing (alternately, landing) be-
havior of seaplanes in rough water, wherein the moving seaplane model is dropped into the
wave train in an arbitrary manner and a number ot runs are repeated to obtain statistical
data.

r It is obvious that this approach requires some "rules-of-thumb" to insure vail---
5 ;dity and proper interpretation of the statistical data. In the past, it has been stated (without

clear pro-f) that a minimum of seven runs for each case are required in tank tests to obtain
valid tesL result samples. However, because of practical limitations, many programs have
utilized as few as three or four runs.

Clearly, resolution of this problem area in this report would be entirely prema-
tare. Instead, the arbitrary decision has been made to restrict the number of runs to five
for each case. Further, also following standard tank test procedures and runs are made
with all (arbitrarily selected) initial conditions the same except for the initial location of the
ski relative to the wave train. This selectior has also been influenced in part by the results
obtained in Section 5 of this report which have iudicated the importance of this parameter in
single ski impacts.

7.3 DESCRIPTION OF COMPUTER PROG,•A M

S7.3.1 General Description

The purpose of the prograija is to calculate the time history of the motions of a
skeleton hydro-ski seaplane when planing through waves. Several restrictuons. previously
used in the planing stability analysis of Section 6 and the ski impact analysis of Section 5,
have been retained:

A. The seaplahe's horizontal speed is maintained constant in each run and,
cc rrospoiidingly, there are only two degrees of freedom (heaving and
pitching);

B. The longitudinal control setting (elevators, stabilizer, etc.) Is maintained
constant ir. each ,un and the pertinent aircraft aerodynamic characteristics
are assumed to be inlepcndent of this control setting;

C. No direct accound of power effects is taken in thu a4.rcraft's aerodynamic
characteristics;

D. The wave train is assumed to consist of regular sinusoidal waves with
the aircraft running in the head sea condition.
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If It may be noted that these assumptions readily permit accounting for accompanying head
winds, if desired.

1 It will further be noted that the program is capable of being amended to remove
practically all of these restrictions provided that the ensuing complications are acceptable.
Even the "stick-fixed" restriction can be eliminated and replaced by an "autopilot-type" ofJ mathematical model simulating a pilot's control actions.

The computational procedure followed in the program is as follows:

1 1. The entire program, including all inputs and computer print-out, uses
non-dimensional quantities. The non-dimensionalization of all quantities,
kinematic and dynamic, is effected through consistent use of two reference
values as follows:

J DIMENSION REFERENCE

Length Ski Beam, b

I Time Ski Beam/Horiz. Velocity, b/V1 H

2. To permit calculation of the changes in the two coordinates, heave and
pitch, and associated heaving and pitching velocities, inside of a small
time interval, the two differential equations of motion are approximated
by suitable difference equations.

3. The aero and hydro loads (i.e., forces and moments) are defined analy-
tically in terms of the kinematic quantities. In the case of the hydro
loads, these relations also depend on the geometric relations between
the ski, the local wave surface, and the resultant velocity vector with
special distinctions made between the various possible configurations
(ski planing, ski submerged, and immersed bow). as explained in more
detail below.

4. Starting with specified initial conditions, including a specified location of
the wave relative to the ski, the equations of motion are solved step-by-
step, using the load values from Step 2. Through use of the "Hamming-
predictor-corrector" technique, the time increment used in each step is
automatically made sufficiently small to insure continuity of the kinematic
variables.

5. The computer print-out concludes the following instantaneous quantities
(all non-dimensional):

I
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a. Time;

b. Heave (height of c.g. above the level water line relative to
equilibrium value);

c. Heave velocity;
d. Heave acceleration;

e. Trim angle (angle of hull reference line (keel line) relative to horizon;

f. Pitching velocity;

g. Pitching acceleration;

h. Bow vertical acceleration (at a specified distance forward of c.g.)

L. Ski Bow Submergence (vertical distance of bow below local wave surface);

j. Ski Draft (vertical distance of ski stern below local wave surface);

[ k. Ski wetted length;

1. Wave slope (relative to the level water line, measured at ski-water line
[ intersection).

* 7.3.2 Equations of Motion

The basic equations of motion are identical with those used in the analysis of
planing stability, i. e.:

(W/g) H = L +L H-W

S.. M M(7-4)

SI T MA + MH

where it is understood that the motions involve a constant horizontal speed and fixed aero-
dymanic controls. The particular control settings are those which furnish a particular
equilibrium trim angle at the same horizontal speed. This equilibrium condition is de-
Lscribed by the equations:

SAeq L Heq i

(7-5)
M = 0
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J Subtracting eqs. (7-5) respectively from eqs. (7-4),

(W/g)" = (LA - LA eq) H eq)

(7-6)

(IT" = MA eq) +(MH_ MHeq)

In these equations, H represents the instantaneous height of the c. g. above the
level water line. It was found more convenient to use as the vertical coordinate a quantity,h, defined by the relation:

eq 
(7-7)

h is identical with the quantity, (h), used in Section 6 and the final basic form of the
equations can be taken as:

I (W/g) h" = (LA - LA) + (LH - LHeq)

(7-8)

II = (MA- MAeq) + (MH - MHeq)

The horizontal motion of the wave train is taken relative to a vertical planethrough the aircraft c. g. so that the general expression for the wave height can be written as:IH
=w sin [L 2 7r(!-T-L) - (7-9)

where: x = horizontal coordinate relative to aircraft c. g., (positive for forward
locations)

T= L/(VH+ 4(g/27r)L

I 0 = wave phase angle.

J To obtain time histories of the aircraft motion, it is necessary to solve equations(7-8) subject to a set of four initial conditions, typically the initial values of h, r , h, andr . In addition, It is possible to select a value of 0 in eq. (7-9) so as to fix an initial wavephase relative to the aircraft in some particular manner. In the present program, only threeof these five quantities are specified explicitly: these are r o, (h). , and ( - )o . Note that
r, is not necessarily identical with r eq.) The other two quantities, i. e., ho and 0, are

Zr 7-7
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specified implicitly through the explicit specification of the initial values:r T o'-.
V [ ((@ski T. E-1 (H/2) sin[2 r/L) (psin T - q cos To)~](-0W F 91(7-10)

T F. drat--o (0= w(skiT.E. +[••-cos ro + qsinTo - Heq-hF rE~rft] F(@kT.. +q

where p and q are the quantities defined in the sketch of Appendix C.

Integration of the equations of motion, subject to the initial conditions just de-
scribed, requires a knowledge of the explicit dependence of the aero and hydro loads on all
of the pertinent geometric and kinematic variables. Essentially, the aero loads depend only
on the kinematic variables and can be defined in the same manner in Section 6. The hydro
loads are strongly dependent as well on the geometric variables locating the ski relative to
the wave surface. It is obvious, in fact, that provisions must be contained in the program to
cover a variety of possible ski-wave geometric configurations. For certain of these confi-
gurations, neither experimental nor analytic load values are presently available, even for
the corresponding steady-state condition of uniform motion in smooth water. It therefore
was necessary to devise entirely new expressions for such cases. Because of the resulting
program complexity, it was decided to limit the analysis, for the submerged condition only,
to skis of purely rectangular planform.

[7.3.3 Aerodynamic Loads

Basically, the static airload variations with trim are assumed to resemble those
r measured on the unpowered HU-16 model. For this model, the lift curve is linear below the

stall, exhibits a sharp break at the stall, and, above the stall, is again linear with a negative
slope. For large up elevator angles and neglecting some slope reduction just below the

r stall, the moment curves can be closely approximated by straight lines throughout the entire
po•itive trim range.

r Then, consistent with the treatment of Appendix C, the airload terms in the
equations of motion can be written as:

L LA =q S C -SwCL eq (l+de/da)StCLt(T lt/VH}A Ae A E -L-T hVý wLT~] a* t
M MAeq =q Sw CM K (h/VH) r -(1.1 + de/da)SlC *(rt V

A ~ A~w Ma K_ H eqj St~tL-t tH

SNote that, below the stall, the lift equation takes the simplified form:
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LA LAweq wcLa H -(/VH)- T eqj :lded)StCLat'T It/VH))

J The present program format has been based on the specific types of lift and
moment curves described above. However, the accommodation of more general types of

aerodynamic curves (with or without power effects) can be readily effected, if desired, by
obvious program modifications.

I7.3.4 Hydrodynamic Loads

During the high speed portion of the rough-water landing or take-off run of a
hydro-ski seaplane, the hydrodynamic loads on the hydro-ski can result from several dis-
tinctly different flow conditions. Speaking most generally, the loads developed depend on the
relative ski-wave location, the ski trim relative to the wave surface, and the resultant velo-

i city direction of the ski.

At the present time, theoretical and experimental data for prediction of hydro-
ski impact load time-histories only cover those cases where the hydro-ski impacts the
water surface at zero or positive trim. Further, although the existing analytical methods
can account for variation of trim during the impact process, load calculation methods are
not currently available for negative trim impacts, and/or negative angles of attack in the vi-
cinity of the free water surface. Consequently, for a non-linear wave response computer
program which is required to cover all realistic impact conditions, it was found necessary
to develop analytic expressions for the hydro loads in those conditions which have not yet
been considered in the literature.

Appendix D of this report furnishes a complete statement of the hydro-ski lift
forces and moments used in the wave response program. Wherever novel expressions or
values are used, they are believed to represent reasonable engineering approximations for
what are, actually, relatively complex flow conditions.

While the individual expressions for the loads are considered realistic, the
"transitions" between the flow regimes involve some artificiality in that they are taken as
"sharp" ones. That is, the loads generally vary by finite amounts in crossing a "regime
boundary", even though the differences in geometric and/or kinematic parameters may be
very small. This results in (generally small) isolated discontinuities ('"icks") in the com-
puter outputs which, of course, must be disregarded in the interpretation of the results.

Such discontinuities, of course, could be eliminated from the program by use of
more refined (continuous) definitions of the boundaries separating the regimes. To nave
even attempted this in the present program would have increased the required effort by an
infeasibly large factor. In addition, the resulting program complexity would probably have
exceeded the capacity of this contractor's computer (IBM 1130). In short, while these dis-
continuities detract from the reality of the mathematical model, this defect is considered to
be a tolerable one at the present stage of understanding of this problem area.
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F 7.3.5 Program Details

Table 7-1 furnishes a complete definition of the Fortran IV code used in the com-
puter program. Figure 7-1 is a program flow diagram Intended to illustrate all of the logi-
cal decisiLas, including those which distinguish between the various ski flow regimes.
Table 7-2 shows the statement of the program which is complete except for the "predictor-
corrector" technique used to alter the time interval magnitudes. This feature has been
omitted only because It is a standard computer subroutine.

Before describing the actual calculations made with this program, it may be
pointed out that, in its present form, it effectively incorporates as special cases the pro-r gram established in Section 5 for single fixed-trim ski irmpact loads in waves and the planing
stability program of Section 6. These features may be bxr.fiy explained as follows:

TABLE 7-1. FORTRAN IV CODE FOR WAVE RESPONSE
COMPUTER PROGRAM

Mathematical Fortran
Item Notations Notations

non-dimensional kinematic variables h/b, /V H , r b/VH V(1), V(2),

V(3), V(4)

velocity parameter V H 2/g b CV

ski incidence to hull keel I OMEGA

[ h/vH V W

[initial value of kinematic variables ( , (h/V i)o YO(1), YO(2)

(1o)o,( b°VH)O YO(3), YO(4)

non-dimensional variables used in the [See program statement.] F(l), F(2),
Hamming-Predictor-Corrector numerical F(3), F(4)
integration routine

initial value of F(i) used in integration FO
routine

non-dimensional time tVj/b XII 1
non-dimensional total ski length l/b EL

7
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J TABLE 7-1. FORTRAN IV CODE FOR WAVE RESPONSE
COMPUTER PROGRAM (cont)

J |Mathematical Fortran
Item Notations Notations

I distance from perpendicular to ski through q/b EDBAR
aircraft c. g. to trailing edge of ski
(divided by ski beam) (+ if aft)

perpendicular distance from aircraft c. g. p/b ELDI to ski keel (divided by ski beam)

ski aspect ratio b/l AR

I horizontal distance from aircraft c. g. xB/b EXB
to leading edge of ski (divided by ski beam)

I horizontal distance from aircraft c. g. to x D/b EXD
trailing edge of ski (divided by ski beam)

I length of the triangular portion of the 1 b/b ELBB
hydro-ski (divided by the ski beam)

I Ham ming- Predictor- Corrector Numerical - HAMM
Integration Scheme

I crest to trough height of wave H/h ABAR

(divided by ski beam)

I wave length divided by ski beam L/b WLBAII

wave height above mean water surface y w/b Y\V
(divided by ski beam)

slope of wave at ski-wave surface PHI
intersection

slope of wave at coordinate reference axis so PHIC

equilibrium trim angle (of hull keel) req TA U

angle between ski and wave at coordinate To TA UO
reference axis

[
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TABLE 7-1. FORTRAN IV CODE FOR WAVE RESPONSE
COMPUTER PROGRAM (cont)

Mathematinal Fortran
Item Notations Notatioizs

IF non-dimensional period of wave encounter T T

angle between ski and wave slope at T TAUW
ski-wave surface interse-ftion

estimated distance from coordinate reference x l/b EXI
axis to ski-water surface intersection
(divided by ski beam)

distance between aircraft c.g. and ski-wave x2/b EX2

surface intersection (divided by ski beam)

S maximum ski thickness (divided by ski SKITT
beam)

E deadrise of ski 3 BETA

transcendental function used to solve for FXXC wetted length of ski in waves

derivative of FXX with respect to EX1 DFXX

[ wetted length divided by ski beam based ELWO
on#o, r0

equilibrium wetted ski length (divided by ABZ
ski beam)

wetted length (divided by ski beam) w/b ELWET

S See Table 6-1 Al, A2, A3

[ area of horizontal tail/area of wing St/Aw SR

mean aerodynamic chord (divided by ski d / b CBAR
beam)

distance between aircraft c.g. and quarter lt/b DTBAR
S chord of tail (divided by ski beam)

L
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TABLE 7-1. FORTRAN IV CODE FOR WAVE RESPONSE
COMPUTER PROGRAM (cont)

Mathematical Fortran
Item Notations Notations

J beam loading C 0 CDELO

radius of gyration of aircraft divided by k GYBAR
ski beam

downwash parameter 1 + d e / d a EF

non-dimensional ski wetted area SW/b 2  AWET

slope of aero pitching moment coefficient dCM/d a CM
cursor

non-dimensional parameter Ve 2 / VH2 COREQ
(V eq = equivalent planing velocity) q

total aero lift coefficient CL AERO1L

slope of (isolated) horizontal tail lift curve dCLt/dat CLT1
non-dimensional hydro force L HYDR/WCv2 A, A10, A12

(See Program Statement)

non-dimensional hydro moment NHYDRO(b) /\Wk C v B, BIO, B12
(See Program Statement) HYDRO V

equilibrium hydro lift force L eq/WC2 EQUIF

equilibrium bydro moment N H eq (b) / \Vk2 CV

Saero-bydro 'density" parameter 2W/ PA g W b CLCV'G

( p air density, S = wing area)

orbital velocity at ski-water surface V VP
I ntrsection (divided by VH) P
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TABLE 7-1. FORTRAN II CODE FOR WAVE RESPONSE
COMPUTER PROGRAM (cont)

SMathematical Fortran

Item Notations Notations

[ non-dimensional resultant linear velocity V VRCG

normal velocity component at leading edge (V N)LE VNLE
of ski due to r

horizontal component of resultant velocity kVH)B VHB
at ski L. E.

vertical component of resultant velocity (Vv)B BSat ski L.E.

flight path angle of leading edge of ski y GAMMA
with respect to horizon

angle between VRCG and horizon 1 ETA

angle between EXCG and horizon S DELTA

fhypotenuse of the ELD-EXB triangle EXCG

vertical distance between ski T. E. and D DRAFT
water surface (divided by ski beam)
(+ for T.,E. below water)

Evertical distance between ski- L. E. and B BOW
water surface (divided by ski beam)
(+ for L. E. above water)

terms in Shuford planing equation CL 6 , CL7 CL6, CL7

'lift coefficient of submerged ski CL SUB CLSUB

Shuford lift coefficient for planing ski CL SKI CLSKI

distance to center of pressure of submerged XCPTE
ski from the T. E. (divided by ski ueam)

7
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TABLE 7-1. FORTRAN IV CODE FOR WAVE RESPONSE
COMPUTER PROGRAM (cont)

Mathematical Fortran
Item Notations Notations

reduction in aircraft weight due to slipstream 1 - ( A L/W) REDUC
effect (specifically for HU-16 model)

T moment arm of drag force acting on ski - DARM

horizontal distance between aircraft c. g. and LHSUB
center of pressure of submerged ski
(divided by ski beam)

I horizontal distance between aircraft c. g. and - LHPLA
center of pressure of planing skiI (divided by ski beam)

term reflecting Pierson virtual mass and - ASTARz Pabst aspect ratio correction factor

term in zero impact lift equation accounting - ELHDM
for wave rise

vertical location of the ski r. E. with - D
respect to the horizon

distance between aircraft c. g. and ski - ELNOS
center of pressure for specific wave
orientation

i Bobyleff coefficient for ski upper surface .88 Cos )T BOBYL

.88/Cos GT

I hydrodynamic moment arms used in zero - ELIMP
trim impact calculation ELIMM

I distance from bow accelerometer location ARM
to aircraft c.g. (divided by ski beam)

{ bow vertical acceleration BA
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[ TABLE 7-1. FORTRAN IV CODE FOR WAVE RESPONSE
COMPUTER PROGRAM (cont)

Mathematical Fortran
Item Notations Notations

[ vertical distance between ski T. E. and DD
particular point on wave at time zero

[ BOW/EL, for submerged ski Y

r subroutine based upon Johnson theory CLCUB

effective angle of attack of ski with a ALPHAF respect to horizon

parameters from Johnson theory f, c, *,I F, C, ZN, ZPSI

[error above which integrating interval - Ti
is halved

[error abcve which integrating interval - T2
is doubled

Fminimum integrating interval beyond - T3
which program is terminated

[number of first order differential N
equations

Eprinting time interval for output HPR

[stepping increment for integration scheme H

final value of X XEND

[ (r/2)(r +i) cos 2 (r + i) (I -sin$) - A4

(4/3) cos3 ( T + i) sin2 (r + i) cos - A5

at equilibrium, horizontal distance from air- - ELHEQLcraft c. g. to center of pressure of ski
(divided by ski beam)

wave phase angle 0 THETA

coefficients in computation of (I /b), - AA, BB, CC

for 1 > Ib
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Figure 7-1. Flow Diagram for Non-Linear Wave ResponSse Program
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Table 7-2. Fortran Statement of Wave Response Computer Program

* LIST SOURCE. PROGRAM
0 urNr. WORD ttf'TFG~rRS
*NAME HYDRO

- effCROIM4 2 PRINTERI
COMMON V16) ,P(6) .YO(f1) FO16) ,X

1RETADTBARELDCLTSRCMCIRARCLCVGFFEQUIFEQUIMTAUOMEGA,
-4AfttwfLRAoiSITTG1,YREDIJC ARMTHfTA.CTA,D..Ag VBA,CCYAY-iGAMMAA
3RANl*SL1,SL11,5L29HEQB
..RfT(S,9911)

911 FORMAT(l1M1,HYDR0SKI IN WAVES* FREE TO PITCH AND HEAVE'//)
C- READ INPUT PARAMETERS

READ(291001 ELoFDRAR,8ETADTARAPCBARSRGYAARý'-LDCLTCDEL0,
1Ckt9CLCV~vEF9CV9WLBAReARAR
R EAr, ( 2,9100) TAU 9CLEOQ*OMEGA go YNAW

- --* -QEAD (2 999 LRF%9SK ITT #DRAFT oYW;NT vUC.e AP1.D...TAT
READ(?,99) RAN19SL~ItSLI11SL2

ion FORMAT1AFIOe5/RE1O.5)
94q FORMAT(AF1O*S) -___--- _

105 FOPMAT(3FS*3v6E10*&1
"-Wi-TE INPUT PARAMETERS -

WRITE(39101)
WRI-TE(391021 E~FS~BToTAtARS~aBRr----
WRITEC 3,103)

- -- WRITE139102) CLT9CDEL09CM9CLCVG9EF-vCvW BAR.AflAR
101 FORMAT($ SKILENGTH/B DISTCCTESKI/B DEADRISE DISTCG-TAIL/B c

--- -i1'ORDW/e ATAIL/AWINGi RADGYABCCG'B PER IMA TZe 3%IIB '?
102 FORN4AT(RF13*6///)
10 -O FORMAT( I COEFOFLIFTTAIL WGTPARA E

lMP*PARA VELPARA WAVELENGTM/B WAVEAMP/B')
C-. -- CALCULATION OF EOuILI9RIUM CONFIGUfRAIN-

A4 ul.57OA.(TAUOMEGA).COSCTAU+OmEGA)**2*c1.-SINLBETA))

A2.?.*CDELO.C REDUC.'CV-CLEO/CLCVG)
" "6-A- jAd4+AS-&S*EL9R*AS-A2)/AS -__________

AluC 05*ELPR*1A4.A5).A2)/A5
C THIS EQUATION IS FOR~ THE CACLTO rW"DL%1trMEC E

AR2uC-A3.ARSCA3)*SOPT(1.,14.*A1/A3**2)))/2.
----- C-- TESTING POP FORMULA VALIDITY

IF IFL9S-A92 ) 74q7473
-7* -- GO TO 75 -___

C FORM1JLA FOR TRIANGULAR REGION OF SKI

75 EOUIF@RFDUC/CV-CLEG/CLCVG
- I~F(A82-FLRP)9l2*R12,9l4--
912 ARa1./ELOR

-GO TO 915
914 ARuI./AR2

CL6vA%*1AR/(1,.AR1)
CL7*IkS
F3ACTuI .1750CL6..SeCL7I /(CL6*CL7)
ELNPOR IAP20FRACT-EDRAR I COS ITAU.ok4EGA IwffYSM I tA090- Al
F0UImwfOUIF*FLHE0/1GYR1AROO?

C CALCULATION OF VO1i)
XO..ELri)AROCOSgTAUOMEGA),ELD*SIN( TAU)
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Table 7-2. Fortran Statement of Wave Response Computer Program (cont'd)

Dr A14*S1q 1'rAUOM0EGA)
______9EOV ELO*COS (TAU I EDBAR*S ZN (TAU.OMEGA I-DEO___________

VY01 )UDE0+DD
N--WIECA-LCtiLATED VALUES -

WQZTE(39106)

kI!TE(3qIII)G1,(Y0( I 1.11s4)

[ 2//)

169 FORMAT11H 'THETAu',F8.5,3X,'OYNAMa'.Flc.5//)

170 FORMATC1H IRAN1019FS.4,3xISL1aeFB.4,3X,'SISB11uS.F 4,3XotSL2loF8

WRITE( 3,104)

1EGUI TRIm EQUI CL OMEGA '

104 FOmT/@TM9VBHEAVE/B VSKI/V ASKI/vV/B TRIM ANG[ VN-4 ANG -tKCEL- LVET7B3 Fum K I pAI~r IALJW UA //I

STOP

5 0ONF WORD INTEGERS

CORF[ e0.VAN 134 VARIABLES 56 PROGRPA 1168

FNO OF CnYPILA71ON _________________
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Table 7-2. Fortran Statement of Wave Response Computer Program (cont'd)

*LIST SOURCE PROGRAM _________ _______

SUAROUTINE FOFXY
RE At tMPL'XetWS~w r - -_________________

YQANI#SL9SAR 1SINL293./TE HTA

311 3*OEG

CDFOSxm3.11.RRw)RCO(.8*E1wSA),)TEA-~

YWaRA8T5A8R*SZN(6*283*X/-TExDwLA)~/)rEA

_______ TAUS ZN C tAU
~STTAU~J t -* 0 -~ 0__11___1_ __--__1__AM__

C CAELCUATON * PC MTR UE EEA IESZ M RG
D-trI3  1 +V~STTMTFf Ct jb

GO TO 311

FXraiFnLAR*CELD*SS .L~- - _____________

21 CONTINUE ______________

_________ _______________________T)-T ETA)*

C A AC6TO OFRDTR~N TERM TO RE USED SEVRA TIf E IN!E -RG

IF(ELELWET- I 27-202
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Table 7-2. Fortran Statement of Wave Response Computer Program (cont'd)

2 IFIR OW) 49139
'*-,- --1fPGAk4MA+V13))70970s71
C THIS IS'Tii! SUBMERGED REGION

CALL CLCUM1CLSUAXCPTE)

VPu7.1*ABAR/SQRT(32.2OCV*WLRAR2#CCS(6.2S3*(LHSUB/WLBARX/Ti)
-14f0( 1.2e 3.BOW/WLARq) -

OARmsEL"*CC-( XCPTE*EL-EDPAR) *S
-A10 wCLSk)R*AWET*(1e+(V12)+VI44 *LMUs YP1Nm211i.*4_DL.Q
P1OuA1O*(LMSUB-DARM*(S/C )/GYRARee2
ELNO~sm7*ELWFT-EORAR
COREOUE (S.(VD-V(2I-V(4.I*ELNOSI*C2/ST2**2

-. IF(FIETAT)77.77978

7AfOAYL..PAR*COS C E TAT I
flA@msELf*CC-(XCPTE*EL-EDFAR)*S-

79 A12080W*COREO*FACT*BORYL/CDELO
- - *---B11-2.wA12*1LIISUA-OARM.IS/C) I/GYftRvv

IFIABSCA1O3-ARS(A123))44440,'4O'41
*44C, AGA10-__

AGAlO
60 T09 -____

441 AwA12

GO TO 0
--1 CALL CLCUR(CLSUPXCPTE) __

LMSUP.FLO*S S.CXCPTF*EL-EOBAR 3*C

leEXPC ieA. 3*BOW/WLAAR I
- DAUmELD*CC-(XCPTE*EL-EDMAR)*3-- ____

AaCLSUq*AWET.C1.,IVC2I*V(4I.LMSUB-VP)..2IIC2..CDELOI

GO TO 9
C THIS IS THE ZERO T'qIM IMPACT'REGI`01% --- ~--- -. - --. ___

II _ _ _ _ _ _ __S? 569
5 I~fPETA-e1~IQ7,5)79998 . ___________________

97 RETAee174S
GO TO QA

9a CONIT I~uF

ELI--*FLWlCCET, *LMD%4ES A
IF(FHD'AELWdR.OVqel jjI1GBR~

L Lf%8LPE
AGASAR~tV-V.')-14)ELIM)#0*ELWT*DAFTIDEL

60 TO-11
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J Table 7-2. Fortran Statement of Wavc Response Compater Program (cont'd)

00 TO 82

DARMEaFLN OS* S.ELO. CC

RaA*(ELNOS-DARmbIS/Cl 2/GYRAR**2.I~~j ot), 4 -_ __ __ __ __ __ __I_ __ __ __ _I_

CL~ml.3333#ST**2*CT**3*coS( BETA 2

FRACTw( .875*CL6+*5.CL7) /CLSKIC

R=A*ILMPLA-flAPM9( S/C))/GYFRAR**2 _________________

IF(CiAvMA+V[(2 400.400,401 __________________

C-7F iTSMSTE 'SCOOP RFG TON -. - -- - _______________

400~ F _______________________________

IF(METAT) A7,S798A

RmA.(ELNOS-DARv.(S/C, 2/GYFPAR**2

CL'a1.*333.ST*.2*CT*.3-.COS(8-ETA)____
CLxwt CL-&eCL7
CORFu'tS.(VP-V(?2-V(4b.ELNOS).C!/S11.?____________
~"-LA %NOS* S*FLr)*CCI ~A:CLSI.4U*CO:EO0AWET/?*#CDFCOL0)
no~ TO~ 9
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Table 7-2. Fortran Statement of Wave Response Computer Program (cont'd)

9 CONTlINUE
--- IPfvgIV3-V(2)aRANll3OOo3OOo3O2*__________________

300 AfRO*SL1*(V(1)-V(2I-TAU3

302 AFPOaSL11.SL2*IV(g)-V(2fl-SLIOTAU _________________________________

P(1)sV(4)

FN

LETfSSUPRE
LN ODITGR

I 7-23
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I Table 7-2. Fortran Statement of Wave Response Computer Program (cont'd)

*LIST SOLJRCF PROGRAM
0-M-" WORft INTEGERS_ _ _ _ _ _ _ _ _ _

SIIRPOuTINE CLCUB(CLSUR*XCPTE)
-' Ok~vO' Vt6IG(6)9Y0(6)#FO46,,X

COMM.ON tLWET*8OWoDRAFTTAUWWLSARCVABARED8AREIoCDEL0,GYBAR,

2AR2.ELARR.K ITTeGI ,YREOUC.ARM,1METAETA.DYNAM .BABETATGAvMA,

ALPHAav(3)OEAV2

e..31R3/(AR,1..)
ZN.ALPHA/42*29*C.COS(ALPMA~)) --

ZPSIUC.*+C*F*COS(ALPMAI)/(4o5R*C*COS(ALPHA))

XCo*3125*CL1,.S*CL2 )/CL
XCPTFaI .- XCP-------.___

CLSIJBUCL

T ~~~FEATURES SUPPOQTFD -___

ONF WORD INTEGERS -

-- -. Ce*P-*FCtJIREVENTS FOR CLCUB _________________

COMMON 134. VARIABLES 28 PROGRAM 206 --

EN4D OF COMPILATION
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f Table 7-2. Fortran Statement of Wave Response Computer Program (cont'd)

LIST SOURCE PROGRAM______________
ON WOR tTnTEERS .-.-r SURROUTINE OUTPT

COMNEL WET ,ROW .DRAFT ,TAUW, WLRAR ,CV ,ABAR .EDRAR ,EL CDELO ,GYBARs

2AR2,ELRRSKITT,61,YREOLCARNTNETA.ETADYNAMBABETATGAMMA,F ---------- 94ANr51vSpv5t11vSt.2g*4EQR -- _________________

WRITE(39100)X.V113,Vg2),F(2)oV(33aV(4UF(4)PELwETBOWtORAFT.TAUW,

100 FORMAT(1M #F1O93911F1Os7)I- -.- 4ETURN
END-

FEATURES SUPPORTED

---- ONE-WORD INTEGERS -

CO RQ4 4*- FOR OUTPT------__________ _____

COMMON 134 VARIZABLES 4 PROGRAM 46

F ~ ~~~END OF COMPILATION_______ _________
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I A. FIXED-TRIM IMPACT LOADS

In the present program, the fixed-trim condition can be achieved most
readily by assigning an arbitrary extreme high value to I, the aircraft moment of inertia,
thus effectively making r = 0, so that r retains its initial value. The remaining initial
conditions can then be selected to represent any desired landing impact, including the initial
contact point on the wave flank. In that case, the in!tial portion of the time history furn'shed
by the present program will be coincident with that given by the program of Section 5.

t B. PLANING STABILITY

The smooth water condition is, of course, a special case where the wave
height is taken as zero and any finite arbitrary wave length is used. With these restrictions,
the applicable initial conditions for the present program can be conveniently taken as:

=r = ,r = r + AT, d = d
eq eq

Here, deq is the draft at T (at the selected speed), and AT is some small arbitraryeq 'eq
angle, say 1/4 degree.

Using these initial conditions, a run is made wherein the trim time history takes
the form of an oscillation with either divergent, constant, or subsident amplitudes. For a
fixed forward speed, it is a simple matter to vary T-eq to obtain that value of r eq

corresponding to oscillations of constant trim amplitude. This then represents a point on
the lower neutral dynamic stability boundary (R = 0 curve).

While this is not difficult to do, the selprate program of Section 6 for calculating

the R = 0 curve is considered preferable to the procedure just described which requires
the intervention of the engineer.

7.4 CORRELATION OF TEST DATA

7.4.1 Description of Test Data

References 7-1 and 7-2 describe a series of towing tank tests of several hydro-
ski installations on a 1/16 dynamic scale model of the HU-16 (Grumman Albatross) seaplane.
Of the three skis tested, attention will be centered herein on Skis Nos. 1 and 2 which had
beam loadings of 60 and 100, respectively, deadrise angles of 22 1/2°, and respective
length-beam ratios of 5.20 and 5.48.

Among several other items, the tank tests included take-off runs in regular
waves (4 ft. x 120 ft., full-scale). Among the test daia are the vertical accelerations,
obtained in the (full-scale) speed range of 60-80 knots, measured at the c. g. and at the bow
(1 ft. forward of c. g., model scale). Aside from a few details of minor importance, such
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12 as the presence of small longitudinal accelerations in the model tests, it was assumed that
the present computer could correctly simulate the high speed portions of the model runsr which, in view of the relatively low accelerations recorded, were assumed to involve no
genuine wetting of the hull (aside from spray). Thus, in effect, complete agreement between
the model tests and present calculations would be indicated provided both of the followingF condittics were met:

a. Using plausible interpretations of the calculated values, the calculated[and measured c. g. and bow accelerations were reasonably close;

b. The calculations showed ski immersions not exceeding the model strut

F length.

7.4.2 Computer Calculations

SCalculations were made for a full-scale speed of 70 knots using an equilibrium
(hull keel) trim angle of 11.30 (figure 15, p. 37, Reference 7-2, for VM = 30.3 fps). This

[ trim angle is the free-to-trim value for the chosen speed and an elevator angle of -25 de-
grees, as measured in the tank, and includes the effects of the fixed unloading and pitching
moment values applied to the model to simulate slipstream effects. Furthermore, it is
known from the tank tests that no porpoising occurred at this speed-trim combination, thus
making it unnecessary to perform a planing stability check.

LIn accordance with the discussion at the end of Section 7.2, the calculations in-
cluded five runs made with four of the five initial conditions the same:

Ski T. E. Draft h o 0, r= r 11.30,eq

Ebut with varying initial locations on the wave flank of the ski T. E., i. e., wave heights at
the ski T. E.:

y W (T.E.) = -H/2, - H/2 2, 0, + H/2ACT, + H/2

F where: y (T.E.) = (H/2) sin [2 7r/L) (p sin k - q cos rsk)- ]

Land p and q are defined by the sketch of Appendix C.

Each run was made for a duration of ten (10) full wave cycles, with surveillance
of the print-out process to ascertain the presence of plysically unacceptable values of trim
and/or ski draft because no limitations on these two quantities had been built into the pro-
gram. This number of wave cycles far exceeds the number of waves encountered by the
towing tank model in the high speed portion of a take off run.

7-27
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7.4.3 Principal Features of Computed Time Histories

The print-outs of the computed wave response time histories (not included in
this report) were carefully reviewed to:

A. Obtain an overall picture of the general nature of the motions for each ski
beam loading; and

B. Extract significant data (particularly maximum accelerations and strut
drafts) together with associated information on ski-wave geometry and kinematical quantities.

The data, and their correlation with the towing tank measurements will be pre-
sented below, while the following discussion covers the gross aspects of the computed time
histories.

Briefly stated, the calculated motions and accelerations for the HU-16 with the
C 0 = 60 ski are appreciably more severe than those for the same aircraft with the

CA 0  = 100 ski. As typical examples, both the maximum c.g. and maximum bow vertical

accelerations are greater, the maximum ski drafts are appreciably greater, and both the
airborne vertical excursions and airborne dwelling time are greater for CA 0 = 60.

The total trim range is also appreciably larger, and includes frequent occurrence of stalling.
These basic results can be explained with following manner.

As a direct consequence of the lower beam loading, the impact loads in the early
portion of the C AO = 60 ski run-outs are relatively large and so are the associated

pitching moments. These give rise to relat,,ely larger values in the later impacts. The
greater trim motions generated by the larger p2l.zt.' moments create substantially larger
trim ranges for the lower ski beam loading. Thus, on the one hand, the larger high trim
values result In higher positive accelerations which are, of course, further aggravated by
aircraft stalling (if present). On the other hand, the reduced lower trim values, in con-
junction with the specific wave impact location and flight path angle, are occasionally capable
of producing such low load impacts that relatively considerable ski submergence occurs.

A s will be seen below, the average trim change in the higher beam loading ski
run-outs was only two degrees. This result correlates with past qualitative observations
that very high beam loading skis produce a "plowing through the waves" effect.

However, it is important to emphasize that the comparative behavior of this same
aircraft with the two different skis is not necessarily due exclusively to the difference in the
ski beam loading, but may depend in part on the specific aerodynamics, specific wave condi-
tions, and specific speed selected. Thus, considerably more parametric study is required
before genuinely valid claims can be made.
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F 7.4.4 Significant Data from Computed Time Histories

Significant data from the computed time histories is summarized in Table 7-3A.
All values listed are for full-scale. In addition to the values obtained from the individual
runs, this table also includes the averaged, i.e., statistical values. In addition to the
features discussed above, maximum sink speed values are listed. These values are also
appreciably higher for the low beam loading ski. Lesser acceleration values were also
tabulated (not included herein) to ensure that the maximum values obtained are statistically

[ realistic.

Thus, there is no question that, at least from a qualitative standpoint, the com-
L puter results agree with the general empirical experience that high beam loading skis alle-

viate motions and accelerations in rough water.

L7.4.5 Comparison with Tank Data

For convenience, the available tank data, taken from Reference 7-2, is listed in
Table 7-3B. It is seen, in the first place, that any attempt at correlation is limited because
the only quantities measured in the tank were the two vertical accelerations. Specifically, no
draft measurements were made nor is there any other way of telling whether the tank maxi-
mum accelerations involved hull impacts. This feature is discussed at greater length below.

It is equally important to note that the tank data are for a finite speed range while
the computer data are for one specific speed (midpoint of tank speed range). This difference
can possibly confuse the correlation as the effect of forward speed on the computed results
has not been determined and cannot be readily predicted.

Finally, it is noted again that the computer runs were made using arbitrary mild
initial conditions. It is entirely plausible to suppose that, for both skis, the motions would
be more severe had less mild conditions been used, for example, by assuming some finite
(non-zero) initial sink speeds.

With these important reservations in mind, the closest possible explanation for
the discrepancies appear to be the following. Considering first the C &o = 100 ski, the

computer showed lower vertical accelerations than did the tank tests, and also indicated no
strut wetting in any run. (The actual full-scale strut length is 4.0 feet for both ski installa-
tions.) The discrepance in the vertical loads is likely due to one or both of the two reasons
just cited (speed range and initial conditions). The severe motions from these causes would
give somewhat larger submergence which, for the actual hull configuration, would be ade-
quate to create hull impacts and thus further exaggeration of the accelerations. This ex-

Splauation, of course, assumes that the maximum tank accelerations obtained with this ski
were, in fact, associated with hull impacts. Finally, it may be noted that, while appreciable
numerical differences exist between the comparable average accelerations, their differences

Sare identical (.56 - .57g). This result is c(asidered to lend credibility to the preceding ex-
planation.
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The exceptionally close agreement between both the ranges and average values
of computed and measured c. g. and bow accelerations for the C& 0 = 60 ski installation

rrequires very little further comment. The one point requiring explanation is that two of the
computed maximum ski drafts exceeded the actual strut length. It might thus be anticipated
that the tank model could generate higher accelerations than those given by the computer.
The actual fact Is that the large ski drafts occurred only a few times in the computer runs
and-it is possible that they were "missed" in the tank runs because of the very limited nunt-

Sber of impacts occurring therein.

Alternately, it is also conceivable that hull impacts did occur in the tank runs
but, since a hydro-ski can effectively reduce the hull impact velocities, hull impact accele-
rations did not exceed the hydro-ski impact accelerations.

S7.4.6 Discussion

It is obvious that, while these particular HU-16 tank tests remain as the only
available test data, their correlation with the computer runs will remain unclear. This
difficulty can only be resolved by conducting a series of towing tank tests on a skeleton
hydro-ski seaplane model. With such tests, procedures and measurements could be used
to permit far more direct correlation with the computer program results.

Although some of the results of the computer program are subject to further[ examination, either because of the simplified mathematical model or lack of suitable com-
parative towing tank data, further parametric studies could have been made to establish the
relative effects of the operational environment on hydro-ski seaplanes in the high-speed
range. Of particular interest would have been computer runs to ascertain the effects of
variation in wave height and wave length. Unfortunately, as a result of the technical effort
involved in developing the computer program, no time and funds were available within the
present contract to conduct these investigations. This subject is pursued further in Section
10 of this report.

REFERENCES

7-1 Davidson Laboratory Letter Report LR-976: "Development Tests of HU-16
SHydroski Aircraft," by R. L. Van Dyck, October 1963.

7-2 Grumman Aircraft Engineering Corp., Report No. XA 111-108-4:
S"Hu-16 Hydroski Development," by T. B. Street, February 1964.
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J 8. HYDRO-SKI LONGITUDINAL LOCATION

As part of the present survey, attempts were made to correlate actual hydro-ski3 longitudinal locations, as determined from towing tank tests, with the most significant
hydrodynamic ski parameters, such as ski beam loading. If successful, a correlation of
this type would substantially reduce the preliminary design effort currently necessary for
the establishment of an optimum hydro-ski location. For this purpose, an examination was
made of all available geometric data on towing tank models (and full-scale hydro-ski confi-I gurations) exhibiting satisfactory hydrodynamic characteristics.

The approaches used in these attempted correlations were based on the successful,
but limited, correlation shown in Figure 5 of Reference 8-1. These results, which correlate
the longitudinal locations of ski centers of pressure with ski length, are for a variety of skis
tested on a single seaplane model (one gross weight), the tests covering only rough-waterI landings.

A variation of this approach was first attempted, in which the basic parameters
were non-dimensionalized as follows:

1) The "longitudinal location paranmeter" was taken as the angle between a line

joining the aircraft c. g. and the ski c. p. (taken, as in Reference 8-1, at 2/3 ski length
forward of ski T. E.) and the perpendicular from the c. g. to the ski keel;

2) Instead of the ski length, the "ski size parameter" was taken as the ski beam

The "correlation" of these two quantities, shown in Figure 8-1, covers eighteen
different model and prototype aircraft (some with several skis). These configurations are
identified in Table 8-1. It is seen that, although there is a general trend of increasing in-
clination angle with increasing beam loading, the data spread is much too large to permit
construction of a representative curve, or even a representative band of values. In brief,
the correlation is considered to be much too poor for practical use in preliminary design
work.

Further attempted correlations were then made using various other combinations
of non-dimensional "longitudinal location" and "ski size" parameters. In all cases, these
attempts were equally unsuccessful. As a principal result of these studies, it was con-
cluded that other configuration parameters have signiftcant effects on optimum ski location
and would thus have to be accounted for in the correlation process. It is reasonable to
assume that, in addition to possible geometric parameters such as ski length-beam ratio
and ski incidence, the correlation must account for the aircraft aerodynamic parameters,
particularly such items as longitudinal static stability and control parameters (say,

( M/a CLIB* and (Z CM/ )c mav'mum elevator deflections, etc.

I.
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I TABLE 8-1

IDENTIFICATION CODE FOR FIGURE 8-1

CODE REFERENCE A/C 1/b i(DEGREES)

, 8-1 1/12 scale Dynamic Model 3.25 0

"8-1 1/12 scale Dynamic Model 2.581 0

- 8-1 1/12 scale Dynamic Model 5.12 n

8-1 1/12 scale Dynamic Model 4.23 0

-0- 8-1 1/12 scale Dynamic Model 6.12 0

I -5ý-- 8-1 1/12 scale Dynamic Model 6.12 0

8-1 1/12 scale Dynamic Model 5.69 0

""D- 8-1 1/12 scale Dynamic Model 5.30 0

-89- 8-1 1/12 scale Dynamic Model 6.12 0

"" -9- 8-1 1/12 scale Dynamic Model 6.12 0

D-( 8-1 1/12 scale Dynamic Model 6.12 0

,- 8-1 1/12 scale Dynamic Model 6.12 0

I 8-1 1/12 scale Dynamic Model 6.12 0

I -13ý- 8-1 1/12 scale Dynamic Model 6.12 0

A 8-2 Hypothetical Jet Propelled 4.00 4.5
I Airplane

8-3 Grumman JRF-5 4.00 0

8-4 Convair Skate 7 Seaplane 6.12 2

[ A 8-5 Edo Model 142 Hydro-Ski 5.50 0
Research Airplane

I • 8-6 Grumman JRF-5 3.476 0

S8-7 1/24 scale Dynamic Model 4.00 0
I Seaplane

Io
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[ ,TABLE 8-1 (Cont'd)

CODE REFERENCE A/C I/b i (DEGREES)

Q 8-8 Martin PBM-5 Seaplane 3.462 0

8-9 1/24 scale Dynamic Model Seaplane 4.00 0

S8-10 Supersonic Multijet Bomber 5.78 2

8-11 Thurston-Erlandsen Hydro-Ski 3.466 0
Aircraft

W 8-11 Thurston-ErIandsen Hydro-Ski 3.466 0
Aircraft

SD 8-11 Thurston-Erlandsen Hydro-Ski 3.466 0
Aircraft

r 0 8-12 Grumman HU-16 5.198 0

C2 8-12 Grumman HU-16 5.198 0

S8-12 Grumma i HU-16 5.474 0

8-12 Grumman HU-16 5.474 0

8-12 Grumman HU-16 5.474 0

[ 8-13 XF2Y-1 6.00 3

8-14 Grumman HU-16 5.198 0

[D 8-14 Grumman HU-16 5.198 0

8-15 Supersonic Multi-Jet Aircraft 7.33 2

S8-116 PBM-5S 3.47 0

[ 8-17 MArti, 329C-2 4.07 0

[ 8-17 Martin 329C-2 4.65 0

8-18 HRV-1 3.46 8

L
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I Further investigation of this problem area was considered infeasible, partly
because of the large additional effort involved, and partly by the lack of (readily available)
required aerodynamic data for most of the aircraft. Although some of the aerodynamic para-
meters could have been estimated, it was felt that such effort was not warrantea because of
the inability to estimate accurately such features as power-on effects for prototype aircraft,

I ground effects for both prototype and model aircraft, etc.

Consequently, until much better correlations are achieved, towing tank model
-- tests are st;U considered to furnish the only practical method for final determination of
- optimum hy~ro-ski longitudinal locations. In addition to the usual take-off and landing runs,

such tank tests should also include rough-water constant-speed taxi tests covering the
T applicable speed range.
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1 9. SURVEY OF HYDRO-SKI INSTALLATION WEIGHTS

9.1 GENERAL

For the preliminary weight estimation of new operational hydro-ski seaplane
configurations, it is desirable to have a background of weight data on previous nstallations,
including the separate contributions of the hydro-ski, its support strut, and the hull carry-

j through structure. Although several full-scale seaplanes have been flown with hydro-skis
installed, all of these installations were basically experimental in nature where the primary
consideration was the development of a "working" configuration that could safely explore and
advance hydro-ski seaplane technology.

With only one exception, all full-scale hydro-ski seaplab6• flowyx t&date havef been conversions of existing aircraft. The single exception was the Cozva-Ir XF2Y "Sea
Dart" and even this aircraft had two subsequent modifications in its -asic- hyc. o-ski
configuration.

The early developmental stage in the state-of-the-art, combined ith4 %e desire
to minimize engineering and manufacturing costs, admittedly resultetb in ver, !onservative
structural design approaches for these hydro-ski installations. It can 43er'forcbe antici-
pated that, for new operational aircraft, the hydro-ski installation weight fr.ctiwn (percent

i of aircraft gross weight) should be distinctly improved over those indicated in'the present
weight survey. In this connection, it is obvious that the method presented in Section 5 of
this report for the estimation of rough-water impact loads constitutes the foundation of an
accurate and rational method for the structural design of hydro-skis and, thus, for the de-
velopment of rational ski weight formulas.

i 9.2 HYDRO-SKI WEIGHT

Table 9-1 lists the hydro-ski weights for previous installations, together with
the parameters which appear in the hydro-ski weight formula proposed by the Martin
Company in Reference 9-1. Thi3 formula is:

J Wski = .112 (nlalsk2 ) 1/2

where: A0 = aircraft design gross weight, lbs

y1 = design ultimate load factor

I sk =hydro-ski length (ft)

9-1
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The data in table 9-1 is graphically presented in Figure 9-1. It can be seen that
the points in the left hand portion are above the range of good agreement, while those on the
right side tend to be below. A revised hydro-ski weight formula is therefore suggested
which, as illustrated in Figure 9-2, results in a significant correlation improvement.

The revised hydro-ski weight formula is:

WSKI = K(nI Ao Isk)

where: n1, t 0 and I are as above,-• whr: l o sk

and, K =. 000443 for single ski installations

K = . 000774 for twin ski installations

It should be noted that neither the Martin nor the Edo expressions for hydro-ski
weight account for the location of the support strut or struts, although most hydro-skis can

* be categorized as beam-type structures. Accordingly, an even further refinement in the
hydro-ski weight formula could probably be obtained if strut location ware to be considered.

* 9.3 HYDRO-SKI STRUT WEIGHT

Weight data for hydro-ski support struts are contained in Table 9-2. The ski
4 strut weight formula proposed by the Martin Co. in Ref. 9-1, is:

I •STRUT :.001 (nI Aolst)

where: nI and 6 are as above,I 0

and, I = exposed strut leng-th

From Figure 9-3, it is seen that the correlation between the actual strut weights
and those given by the Martin formula is unacceptably poor. For this reason, a new formula
has been developed. This is:

• Ws : 262 (nlA 1 2st)1/2

which, as can be seen from Figure 9-4, generally results in a much improved agreement,
* except in the region applicable to lightweight aircraft (2000 lbs. -5000 lbs.).

9-3
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r TABLE 9-2

STRUT WEIGHTS

Martin Formula: Wst = .001 (n 1st)

r Edo Formula: W st .262 (n I &o 12st)1/2

Wst n 1o 1st Wst Wst

(act) (Martin) (Edo)
AIRCRAFT lbs. - lbs ft. lbs. lbs.

SOA-9(Goose I) 253 5.3 8400 3.42 152 189
JRF-5(Goose U) 237 4.89 8400 3.42 141 182

JRF-5(Goose I1) 133 5.15 4200 3.73 81 144

PBM-5 1019 5.68 55,000 6.0 1875 879

HRV-1 (Strut #1) 61 5.42 2700 2.66 39 84

HRV-1 (Strut #2) 40 5.42 2700 2.25 33 71

9.3 HULL REINFORCEMENT WEIGHT

r As the hydro-sil support strut applies concentrated loads to the aircraft at its
attachment to the hull, hull structural reinforcement is necessarily provided in this region[ to carry through and distribute the loads into the basic hull structure.

The available information on hull reinforcement weight is presented in Table 9-3
below:

TABLE 9-3

HULL REINFORCEMENT WEIGHT

(1) (2)
Hull Reinforcement Strut Plus

SInstallation Weight Hydro-Ski Weight (1)/(2)

OA-9 97 438 .22

S JRF-5 (Single Ski) 100 475 .22

JRF-5 (Twin Ski) 135 670 .20

SPBM-5 (Large Ski) 2726 * 2600 1.05

HRV-1 28 * 85 .35

*Exclusive of ski retraction mechanism

9-8
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I It is observed in the foregoing table that the hull reinforcement weight ft action
relative to the sum of ski and strut weights is fairly constant for the "Goose" modifications.
For the PBM-5 and HRV-1 hydro-ski modifications, this weight fraction has a different
order of magnitude. One reason for this discrepancy lies in the fact that, for the latter
two cases, the hydro-ski extension could be adjusted.

I More important, the extremely high value for the hull reinforcement weight for
the PBM can be accounted for by the fact that, since ballast was required to achieve 'he
desired operating gross weight, structural components were designed and analyzed to mini-
mize manufacturing costs and engineering effort at the expense of weight and bulk. A 'cord-
ingly it is suggested that, for a fixed hydro-sia installation, 20% of the hydro-ski and strut
weight be allocated for hull reinforcement. For a retractable hydro-ski installation, it is
suggested that 40% is a reasonable value. Furthermore, based on the only available &ta
(PBM-5), the ski retraction mechanism weight can be estimated to be 10% of the strut-plus-
ski weight.

REFERENCES

9-1 Martin Co. Report ER9433: "Preliminary Design Data for Water-Based
Aircraft with Hydrofoils or &is, "by E. G. U. Band and J. W. Cuthbert,

I June 1957.
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10. FINAL CONCLUSIONS AND RECOMMENDATIONSr
10.1 INTRODUCTION

r This report has presented a quantitative study, together with related analyses,

of principal problem areas involved in the design of seaplane hydro-ski installations. The
scope of these anialyses was necessarily subject to certain limitations of which the following
are considered to be most important:

[ 1. Only the significant longitudine.l seaplane characteristics were treated.

2. Only those problem areas were treated which were either independent of,
or required no detailed knowledge of the aircraft's aerodynamic longitudinal
control characteristics and/or hJ! hydrodynamics.

The particular studies and analyses presented in this report follow a distinct
.ogical sequence relative to problem complexity. In each individual study, the results of
the associated analysis have been correlated with pertinent available data to affirm the vail-

[ dity of the analysis and, by implication, the particular assumptions utilized therein. With
but one exception, these correlations have ber:• uniformly successful. These successful
correlations ensure the validity of the parametric studies accompanying the individual
analyses.

The present studies, analyses, and associated computer programs constitlite af unified body of knowledge which, as made clear in Section 2 of this report, can be usel to
great advantage in the preliminary design and analysis of seaplane hydro-ski installaticns.
At the same time that these results unify and augment existing hydro-ski technology, they
also serve to indicate that certain problem areas still remain unanalyzed and that further
analytical and/or experimental efforts are highly desirable. The. remainder of this report
section describes the conclusions drawn from the present study and presents a list of de-
tailed recommendations for such further efforts. Conclusions and recommendations ar2
presented first for each of the separate topics covered in lhis report and an additional list
of recommendations is furnished for those topics not covered. Wherever necessary, the[I conclusions and recommendations are accompanied by brief explanations of their signifi-
cance and importance.

S10.2 STEADY-STATE HYDRO-SKI CUARACTZRISTICS (SECTION 3)

10.2.1 Planing Characteristics

It has been verified that the semi-empirical expressions for the steady-state
hydrodynamic characteristics of hydro-skis established by Shuford in Reference 1O-I yield

010-1
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I accurate results even when the gross approximation of "full wave rise" is utilized. This
subject is not considered to require any further investigation.

1 10.2.2 Submerged. Fully-Wetted Character:istics

The existing semi-empirical analysis for the hydro-ski lift in this flow conditionI has been extended to cover drag and pitching moment characteristics. Extremely close
agreement with the experimental data for lkis of aspect ratio, 1/4, has been obtained.

While not considered vital, it would be desirable to extend the correlation to

cover at least one other ski aspect ratio. The necessary experin' ntal data for skis of
aspect ratio, 1/8, are presently available for this purpose (Reference 10-2).

10.2. 3 Submerged, Ventilated Characteristics

The existing method for calculating these characteristics is that given by
Johnson in Reference 10-3. As presented therein, this method i- awkward as it involves a
"f"manual" iteration procedure for one quantity and a "manual" interpolation procedure forI another. This awkward approach has been replaced in this report by an equivalent accurate
digital computer program which can also serve as a subre)utine in dynamical problems.

I In Reference 10-3, Johnson showed that his method, essentially theoretical in
nature, gave accurate corre!-ttions with experimental data for a flat plate hydrofoil of aspect
ratio, 1. 0. In tl.s report, using the equivalent computer program, the theoretical charac-
teristics of a flat plate of aspect ratio, 1/4, were calculated and compared with available
test data. This correlation showed certain discrepancies which were attributed to the fact
that the test data were for a "modified" flat plate having a bevelled trailing edge. Suitable,
simple empirical correction factors were established to account for these discrepancies.
When the computer program was revised accordingly, excellent agreement with the test
data was obtained.

It is firmly recommended that further investigations of this problem area be
Im made, as follows:

A. Using the existing program (including the empirical corrections). the
correlation between calculated and existing experimental values for bevelled skis of aspect
ratio, 1/8. should be obtained;

B. Even more important, tank test data should be obtained for both unbevelled
flat plate and aeadrise skis of two aspect ratios (typically, 1/4 and 1/8). This will permit:

S•a) A more direct check of the Johnson theory for low aspect ratio surfaces;

b) Establishment of suitable empirical factors for the deadrise effect.

I
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S 10.3 STRUT RESISTANCE CHARACTERLSTICS (SECTION 4)

In Section 4. the survey on strut resistance characteristics demonstrated that
adequate methnris are presently available for hydro-ski strut drag estimation under the
following conditions:

F a) zero yaw angle;

b) fully wetted or base-vented;

Sc) surface-piercing or completely submerged.

In some high-speed towing tank testfs utilizing base-vented struts, it has been
observed that a "choking" phenomenon occurs, v'' Aich closes 3ff the cavity opening to the
atmosphere. This effect is ascribed to the pressure reduction at the side spray walls asso-
ciated with the high velocity air entering the cavity. (A report, Reference 10-6, has recently
been published, which includes a theoretical method for predicting the occurrence of base
cavity choking. Unfortunately. this report did not arrive in time for including its results

I. herein.)

Although the contents of Section 4 deal only with the drag performance of hydro-[ski support struts at zero yaw, their side force characteristics are also of concern to the
hydro-ski configuration designer. In addition to affecting the strut structural design and its
weight, hydro-ski strut side forces are an important factor in establishing the lateral and[directional stability and control characteristics during yawed attitudes with the strut im-
mersod. The applicable information on this topic is sparse and it is recommended that fur-
ther theoretical and empirical studies be conducted to permit prediction of the hydrodynamic
characteristics of yawed submerged and surface-piercing st-uts in the fully-wetted and
ventilated flow conditions.

[.4 SINGLE HYDRO- SKI WAVE IMPACTS (SECTION 5)

LUs'g the "equivalent planing velocity" concept ii, conjunction with Shufo-rd's
expression foi lift coefficient, an original computer program has been devised for the cal-
culation of the time histories of vertical accelerations and associated wetted ski lengths ex-
perienced by hydro-skis in fixed-trim impacts on head-sea wave flanks. This program per-

Smits variation of the initial location of the ski relative to the wave surface. This analysis
and the associated program have been validated by the following procedures:

j A. Smooth water impact time histories calculated with the present method were
successfully compared with experimental values.

B. Sample parametric studies were made for smooth water impacts and the
results successfully compared with those given by Mixson's empirical, formula (Reference
10-4). Thic computer program also furnishes the very important wetted length values which[ are not included in Mixson's analysis.

10-3
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j1 C. Calculations were then made for certain specific (bead sea) wave impacts
for comparison with experimental data obtained in tank_ tests. In each case, for otherwise
specified conditions, the calculations covered variations in the initial location of the ski
relative to the wave surface. Successful correlations were obtained but only through proper
definition of this "initial location parameter" which had not been measured in the conduct of
the tank tests.

The calculations for Item C, above, also served to demonstrate the novel re-
markabie result that, contrary to existing belief, maximum impact loads do not occur when
the initial wave contact is made on the point of maximum wave slope but invariably occur for
lower initial locations on the wave flank. Furthermore, these same examples show that the
differences in the (relative) maximum impact loads for these two locations could be very
appreciable. It is thus concluded that the rational estimation of maximum impact loads
must include the effects of this vital "initial location parameter." Furthermore, these same
calculations served to indicate that the ski length was a significant parameter in single wave
impacts, i. e., for certain combinations of ski-wave parameters and initial conditions, the
finite length of an actual ski could play an important role in limiting the maximum accelera-
tions.

By way of sample parametric studies, the computer program was then utilized
to estimate maximum impact loads for two hypothetical large hydro-ski equipped seaplanes
in open ocean operation. The two seaplanes had the same weight but different landing
speeds: 85 knots for the conventional seaplane and 42.5 knots for the STOL-type seaplane.
The wave conditions covered those specified for open ocean seaplanes in the current appli-
cable specification, MIL-A-8864(ASG). It was found that:

A. For a given seaplane landing in waves of fixed height. maximum impact
loads vary non-linearly with wave length-height ratio, i.e., a reduction in L/H from 40 to
30 results in a ielativelv small clhange of 0. 45g whereas a reduction from 30 tc 20 results
in a relatively large change of 4.15g.

B. For a given seaplane landing in waves of fixed length-height ratio. maximum
impact loads are relatively insensitive to wave height. at least for sufficiently large wave
height values.

C. Maximum impact loads are very strongly affected by the (hoirzntal) landing
speed. In the case investigated, where the landing speed of the STOL seaplane was assumed
to be half that of the conventional seaplane, the maximum impact loads (based on a common
sink speed) were found to be approximately proportional to the landing speed. This import-
ant result shows that the STOL aircraft has a distinct inherent advantage over the conven-
tional aircraft in regard to single wave impacts when both are equipped with the same
hydro-ski.

10-4
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[ It is concluded that the new approach to the calculation of impact load character-
istics (trim histories, maximum loads, wetted lengths) for the single fixed-trim impacts of
a ski in waves, wherein realistic account is taken of the initial location on the wave flank, is
inhereatly superior to present methods and provides extremely accurate values. It can
therefore be used with considerable confidence in parametric studies and/or ski structural
design. Owing to the central importance of the impact problem, it is recommended that:

[ A. Correlation be made with the remainder of the existing test data;

B. Further test data be obtained to cover wider ranges of the pertinent para-
meters and the theory correlated with these;

C. Special experimental and analytical investigations be made of impacts in-[volving low relative trim angles to establish suitable methods of impact load prediction.
These investigations should cover both flat and deadrise skis. The analytic methods should
include the "zero trim impact" approach for the deadrise skis and, if feasible, the effect of[ trapped air, as treated in Reference 10-5, for the flat skis.

10.5 ----PLANING STABILITY OF THE SKELETON HYDRO-SKI SEAPLANE (SECTION6)

Using linearized ("small motion') theory, an original computer program has
been established for the calculation of planing stability boundaries of a "skeleton" hydro-skir seaplane, defined herein as one for which there is no wetting of the hull.

Using this program, calculations were made for the lower trim limits of planing
stability (lower limit porpoising) for two hydro-ski installations on the Martin 329 C-2 sea-
plane and the results compared with the experimental values obtained in towing tank mea-
surements. These comparisons showed that numerical values were reasonably close but
that the calculated values failed to reproduce the detailed features of the experimental por-

poising boundaries. Further analyses, made with the hope of improving the agreement,
proved fruitless and it was concluded that the principal source of the discrepancies was the
wetting of the hull and aerodynamic surfaces in the model tests, a feature necessarily
omitted from the computer program. It was further concluded that, if allowance were made

for this effect, the theoretical results could be used with confiderce in parametric studies
but, for detailed application, should always be checked by suitable model tests.

Parametric studies were made to establish typical effects of varying the basic
parameters of the hydro-ski installation. The results of these parametric studies which
for the most part are novel ones, are as follows:

A. Those hydro-ski features which are known to be most beneficial for impact
load alleviation, namely high beam loadings and large deadrise angles, have distinctly ad-
verse effects on the lower limit porpoising boundary, i.e., they raise the lower trim
stability limits;
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B. A hydro-ski installation feature which is known to have an adverse effect on
hydrodynamic resistance, namely ski incidence, has a distinctly favorable effect on the
lower limit porpoising boundary;

C. The lower limit porpoising boundary is insensitive to large changes in strut

length;

D. The lower limit boundary can be somewhat improved (lowered) by shifting
the ski location either forward or aft from a specific "central" location. However, in the
case of skis having pointed trailing edges, a sufficiently far aft shift can have the distinctly
unfavorable effect of limiting the stable portion of the planing region to a very narrow band
of trim angles, totally aside from other possible limitations associated with high angle

L. porpoising.

It is concluded that:

"- A. Satisfaction of the fundamental criterion of planing stability generally im-
.. poses severe limitations on practically all of the significant hydro-ski configuration para-

meters;

B. These limitations are, in fact, so severe that other important system cri-
teria will usually have to be compromised;

C. It follows that suitable detailed trade-off studies will have to be performed
in the preliminary design of specific configurations;

D. Because the planing stability characteristics are dependent on the seaplane's
I aerodynamic characteristi'ýs, it may even be necessary and/or desirable to include these

characteristics in the trade-off studies.

I Because planing stability is such a fundamental hydrodynamic criterion and
because of the remarkable results obtained in the brief parametric studies reported herein,
it is recommended that:

A. Further wide-range experimental parametric studies be made, covering the
effects of both hydrodynamic and aerodynamic parameters, including independent variations
of ski beam loading, deadrise, incidence, vertical and horizontal locations, and T. E. shape,
as well as aerodynamic static stalility and damping (equivalently, horizontal tail size and
moment arm);

B. Design studies and tank tests be used to establish feasible "variable-area"
ski configurations which will specifically overcome the poor planing stability characteristics
of highly loaded skis without compromising their impact load alleviation qualities;

C. Suitable analytic studies be made to compare the planing stability character-
istics of STOL and conventional hydro-ski seaplanes.

1 -
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F 10.6 WAVE RESPONSE CHARACTERISTICS OF THE SKELETON HYDRO-SKI
SEAPLANE (SECTION 7)

An original computer program was established for the calculation of the heaving
and pitching motions of a "skeleton" hydro-ski seaplane traversing a train of waves at con-
stant forward speed. Unlike the treatment of planing stability, this program accounts forrthe (generally) highly non-linear dependence of the ski's hydrodynamic loads on the ski-wave
geometry and ski kinematics. As a matter of fact. for certain of these conditions involving
submerged skis. it was found necessary to establish entirely novel and, as yet. unverifiable
expressions for the loads.

The only quantitative test data relative to this problem area are the accelerations
oi a tank model of the hydro-ski HU-16 seaplane experienced in the high speed portions of
rough-water take-offs. Accordingly. for each of two hydro-skis of different beam loading,
a series of five computer runs were made to simulate the high speed portions of these tankftests. The five computer runs involved variations in the location of the initial ski contact
point on the wave flank, with all other (arbitrary) initial conditions the same.

In the case of one ski having a beam loading of 60, the agreement between the
measured and computed c. g. and bow maximum vertical accelerations, both with respect
to range and average values, was remarkably close. This significant result is considered
to furnish basic validation of the computer program. For this ski, an apparent inconsistency
between the actual strut length on the tank model and the maximum computed ski drafts was
explained in two alternate plausible ways.

In the case of the second ski which had a beam loading of 100, there were large,
but consistent discrepancies between the measured and computed vertical accelerations.
Tentative but thoroughly plausible explanations were advanced to explain these differences.
For this ski, the calculations showed a very narrow trim range and ski drafts less than the
actual strut length. These results are consistent with the known behavior of M'igh beam
loading skis.

The determination of wave response characteristics is actually a central one in
the design of hydro-ski installation. At this time, there is almost a complete lack of quan-
titative data pertinent to this problem area. Accordingly, the following substantial program
is recommended to eliminate this deficiency.

A towing tank test program on a model skeleton hydro-ski seaplane should be
conducted to permit more specific correlation with the computer program developed in this
investigation. Accordingly, all the aerodynamic and hydrodynamic characteristics and de-
rivatives required for the program should first be obtained by suitable model tests. For
example, aerodynamic coefficients well above the stall should be obtained, as well as ski
planing lift coefficients at negative trims, etc.

10-7
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The model skeleton hydro-ski seaplane should be systematically tested under
various wave conditions, including calm water, with the runs being made at constant speed
to conform with the existing computer program. In addition to the usual bow and c. g.
accelerometers, the model instrumentation should also incorporate a means for measuring
the instantaneous hydro-ski draft.

It is to be noted that the successful correlation for the wave response of a
skeleton hydro-ski seaplane is a necessary prerequisite for the rational determination of
the hull loads in accordance with the procedure presented in Section 2. (See paragraph
10.9, below.)

10.7 HYDRO-SKI LONGITUDINAL LOCATION (SECTION 8)

Attempts to establish purely empirical correlations between actual hydro-ski
longitudinal location and certain inherent hydro-ski parameters, such as beam loading,
proved unsuccessful. These negative results tended to confirm an opinion generally shared by
"hydro-ski design engineers that the behavior of a hydro-ski seaplane in the high speed plan-
ing regime can be strongly influenced by the airL -ft's aerodynamic characteristics, which
would therefore play an important role in affecting optimum ski longitudinal locations.

Although no simple empirical relationship for defining optimum ski longitudinal
locations is presently available, the effects of changing this location on a seaplane's dynamic
stability can be investigated with the computer program of Section 6 and, similarly, the
effects of such changes on the seaplane's wave response characteristics can be investigated
with the computer program of Section 7. To do these things in a manner meaningful for
preliminary design, it is obviously important to relate these investigations to the aircraft's
aerodynamic control characteristics covering, at least, the control available vs. the control
required for trimming the aircraft in particular planing equilibrium conditions.

gr Although no specific details are presented herewith, it is felt that a "pilot" pro-
gram of the type just described is well warranted for an initial conclusive demonstration of
this approach toward definition of ski location.

10.8 SURVEY OF HYDRO-SKI INSTALLATION WEIGHTS (SECTION 9)

A survey has been made of actual weight values for previous hydro-ski installa-
tions. Separate comparisons were made of the actual ski and actual strut wcights with those
obtained from the only existing empirical formula and relatively poor correlation was ob-
tained. New empirical weight formulas were established which were shown to provide sub-
stantially improved correlations. Rough methods were also provided for the weight estima-
tion of carry-through structure and ski retraction systems.

10-8
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[ Two significant conclusions were drawn with regard to future weight prediction:

A. Because all previous hydro-ski installations (with but one exception) were retro-r fitted to existing aircraft and were often based on large safety factors, it is obvious that the
associated weight data should generally prove to be somewhat pessimistic if used for pre-F diction of future system weights.

B. In Section 5 of this report, it is demonstrated that single wave impact loads and
associated wetted lengths can be predicted in a rational and accurate manner. As the asso-F ciated press-ire distribution, shears and bending moments can also be calculated, it follows
that systemrtic analyses can be made to determine:

[a) Optimum strut locations relative to the ski;

b) Ski structural requirements for various types of construction
(solid plate, hollow shells with and without stringers, bulkheads);

c) Corresponding ski weight values.

By repetition of this procedure for various aircraft weights, rational and accurate
formulas for ski "weight fractions" could then be derived for prescribed parameter ranges
(wave geometry, sink speeds, etc.). Such ideal, minimum weight formulas would clearly
serve as invaluable design goals and it is strongly recommended that this approach be

I.followed.
10.9. RATIONAL DESIGN LOADS FOR HYDRO-SKI SEAPLANE HULLS (SECTION 2)

r Section 2 of this report describes the problem areas and their relations that must
be analyzed during the earlier phases of hydro-ski seaplane design. One of the significant
problem areas is that of the basic sizing of hydro-ski dimensions and the closely related

f area of hull structural design loads.

V_- In this connection, Section 2 describes a recommended program for the solution
of this problem for a particular aircraft configuration. Among other things, this program
uses an "inverted" form of the computer program of Section 7, wherein known aircraft
motions and ski-wave geometrical relations are used to calculate instantaneous ski loads.
By subtracting these loads from the total loads measured in rough water tests of a model,
the experimental hall loads can be determined.

I This program is of interest for two different reasons:

A. It is of general interest because it can be used as a basis for formulation
of specification requirements;

B. It is of specific interest in the design of particular hydro-ski seaplanes, es-

pecially those subject to strut height limitations of any kind.

[ ,
10-9
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I 10.10 ADDITIONAL RECOMMENDATION

At the time that the subject investigation was initiate-l, the hydro-ski represented
the most promising device which could be efficiently applied with confidence to a seaplane
configuration for improving its rough water capability. However, during the time frame of
this investigation, full-scale flight tests have been conducted on a seaplane with a single
small hydrofoil. The results of these tests, presented in Reference 10-7, demonstrate
that such a hydrofoil appendage offers even further performance improvements, at lighter
weight, as compared with a small hydro-ski installation.

In view of this development, it is recommended that a survey and study be con-
ducted on hydrofoil seaplane technology similar to that undertaken in the present investiga-
tion. Since many of the areas covered in the hydro-ski study are equally applicable to
hydrofoil design, it is anticipated that much of the work performed herein can be readily
applied. Further, the effort required for a seaplane hydrofoil survey would be substantially
less than that for the present ski survey because of the more limited available data for both
model and full-scale aircraft.

Such a parallel survey, in conjunction with the further hydro-ski programs re-
commended herein, would ultimately widen the entire field of advanced seaplane technology
thereby increasing the number of choices open to the designer. This would surely be re-

I flected in corresponding improvements in future design efforts.

I
I
I
I
I

ml, 10-10



I-

[Report 7489-2

[ REFERENCES

S10-1 NACA TN 3939: "A Theoretical and Experimental Study of Planing Surfaces
Including Effect of Cross-Section and Planform," by C. L. Shuford, Jr.,r March 1957.

10-2 NACA TN 3249: "The Hydrodynamic Characteristics of an Aspect-Ratio-O. 125
Modified Rectangular Flat Plate Operating Near a Free Water Surface,"
by J. A. Ramsen and V. L. Vaughan, Jr., October 1954.

10.3 NACA RM L57116: "Theoretical and Experimental Investigation of Arbitrary
Aspect Ratio, Supercavitating Hydrofoils Operating Near the Free Water
Surface," by V. E. Johnson, Jr., 12 December 1957.

S10.4 NASA MEMO 1-5-59L: "The Effect of Beam Loading on Water Impact Loads and
Motions, " by J. S. Mixson, February 1959.

10.5 J. SHIP RESEARCH, VOL. 11. No. 4: "The Impact of a Flat Plate on a Water
Surface," by J. H. G. Verhagen, December 1967.

10.6 HYDRONAUTICS INC. TR 605-2: "Choking of Strut-Ventilated Foil Cavities"
by C. Elata, May 1967.

J 10.7 THURSTON AIRCRAFT CORP. REPORT NO. 6702-3: "Flight Test of the Hydro
Research Vehicle HRV-1 Equipped with Hydrofoil No. 1 on Strut No. 2, Final
Summary Report." by D. B. Thurston, February 1967.

I1

h-

10-11



Report 7489-2

APPENDIX A

CORRELATION OF DRAG AND C. P. VALUES FOR A FULLY-WETTED, FLAT PLATE,

RECTANGULAR SKI OF ASPECT RATIO, 1/4
T

Al. DRAG VALUES

Figure 3 of Reference 3-8 gives the experimental values for the drag coefficients
of the subject ski vs. trim aagle for four different depth-chord ratios. As described in the
"text, the drag values at each depth were assumed to be given by the following equation:

CD =CDO + (C /7TrA 77) + CL 2 tan r

27r K2 K3 A
"where: CL1 (1(+A) +2K32 r

CL2 = (8/3)K3 sin 2T cos T

and where the depth-correction function, K2 and K3 , are those described in the text.

Suitable values of CDO and •7 were then established by the following procedure.

Using values for a speed of 30 fps, for each data point, the calculated value of CL2 tan r

was subtracted from the experimental CD value to give:

C -C tn CD+(CL12/7rA'77)T' CDEXP CL2 tanr = CDO

Using the calculated values of C / A, the "residuals ", C + (C 2
A ~Li DO Li 7),wr

i6 analyzed by least squares to obtain the 'best fit values" of CDO and 77 . This was done for

each depth. The resulting values of CDO and 77 as functions of depth are shown in Figures

A-1 and A-2 of this appendix.

The test drag values included the hydrodynamic drag due to wetting of the ski
support strut and this value is reflected in the CDO values obtained herein. The strut drag

was assumed to vary linearly with depth and the true ski profile drag was then obtained by

A-1
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Sextrapolation of the CDO values to zero depth, as shown in Figure A-i. This value is

C = . 0092. The skin friction drag, as obtained from the Schoenherr curve for the

pertinent test Reynolds Number was: 2 Cf = .0073. This shows that the ski CDO is

reasonable, the difference being attributable to tie combination of ski wake drag and strut
rinterference.

Similarly, but except for one point, the 17 values are considered reasonable and,
in fact, the correctness of their asymptote, 77-- 1 for d/c - co , is considered a distinct
validation of the formula proposed herein.*

Figures A-3 through A-6 show the correlation of the experimental polar curves

with those calculated from the preceding CD formula, using the curve values for CDO

[ (inclusive of strut drag) and 71 . The agreement must be considered remarkable.

A2. CENTER OF PRESSURE VALUES

Figure 12 (b) of Reference 3-5 shows the variation of center of -pressure with
trim angle for four different depth-chord ratios as determined in tank tests. Using the

S experimental lift coefficients given in Figure 2 of Referdnce 3-8, the experimental c.p.
values were first plotted against CL in Figure A-7. These curves were approximated by

E the semi-empirical formula:

Li C CL2
c.p. (% chord forward of T.E.) = (a + ) + 50

L C C
Li L L

where a and hi depend on the depth-chord ratio.

- Figure A-8 shows the "best fit" values of a and b determined from the test data
and Figures A-9, A-10, A-11 and A-12 show the comparison of the experimental c. p. values
with those given by the preceding formulas, using the "a" and "b" values from the curves
of Figure A-8. The agreement is extremely close.

-" "*This three-term formula obviously has application to low-aspect airfoils. In that connection,
L_ it is considered to furnish a distinct improvement over most current formulas which incor-

rectly lump the cross-flow contribution with the induced drag and thus use only two terms.
A

F A4
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APPENDIX 13

HYDRODYNAMIC CHARACTERISTICS OF SUBMERGED VENTILATED HYDRO-SKIS

B1. COMPUTER PROGH 'AM

I a) Calculation of C...

In Reference 3-7, Johnson's equation for the lift coefficient of a fully ventilated
rectangular flat plate (fydro-ski) is:

I L = LI C L2 (B-I)
A i____

where CL A m (0(_0-- i) cos o( (B-21Ll A+1 i cos (e(-D(i) (

and C OL88 2 Cos o< (B-3)

L2 A-74oo

I CL 2 can be calculated directly, but this is not the case for CL1. In the

expression for CL, the quantity, o( i' the induced angle of attack, is given by:

I C 7r A (B-4)

and, further, the quantity, m, is a complicated function of (0( -P( i ) and the depth-chord

ratio. d/c. In Reference 7, m is shown only in graphical form and, accordingly, Reference
7 uses an iteration technique to determine CLI"

It has been found necessary to retain the use of an iteration technique to determine
CL1. To permit use of this technique on a digital computer, the function, m (d/c, o( - o i),

was represented as a sub-routine wherein m is obtained by linear interpolation inside of a
network of numerical values which has been read from Figure 2, Reference 7. This network
(grid) consisted of 112 pairs of values for d/c and c( - K. covering the ranges:

[ 0< d/c.< 2, 0 O<('--i 280,

which was considered to cover the region of most practical interest.

B-B-1i
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SWith this technique, the desired values of CLl. o. i' and m (for given values

of A, o(, and d/c) could then be obtained by iteration between equations (B-2), (B-4) and
the sub-routine for m. Further, to ensure rapid convergence, this program was furnished
with a reasonable starting value for CLI:

Ii L/
165 We]c A,ý-, \ TSno(co (B-5= +4+ 7r (B-5)

b) Calculation of C and xD cp

The calculation for C and x by Johnson's method utilizes an iteration proce-D cp
dure involving a set of quantities, B which are the Fourier coefficients of the function:

a + Id/c+ (1- cos 0/2f f(0;a, d/c) =- ]2 (B-6)
[a + I, + (1 - cos 0)/2 + d/4c

L. e. ,
B. (a, d/c) = (I/ r f"d9

(B-7)

B (a, d/c) - (2/r) f- cjs n0-d0n f

[ These coefficients are shown in chart form in Figure 9, Reference 3-7.

In the computer program, the fknctiuns, B , were computed by application of

n
Simpson's rule to the integralb in eq. (B-7), the required accuracy being achieved by varying
the number of inte.vals in the 3impsoit integration formula, as required.

Su Otherwise, the iteration technique used in the computer program is identical with
that used in Johnson's method. For this iteration, the parameter, a, was given the arbi-r trary starting value Af 0.3, irrespective of all other quantities.

c) Program Summary

This computer program a - de.'cr~bed above, covering the steady-state hydro-
dynamic characteristics of the ventilated hydro-ski, is a direct conversion of the methods[ presented in Reference 3-7 and, in principle, should (with negligible inaccuracy) yield
exactly the same numerical results. This fact was actually verified by a calculation for one
condition (A = 1/4, o( = 120, d/c .071) as shown by t1 ý following results:

B-2t
F

. _I_
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Method C L CD- C f x c

l Hand Calculation. using Reference 3-7: .0875 .0186 .347

Computer Program: .0915 .0194 .359

J where xcp is the distance of the center of pressure aft of the L. E., in chord lengths.

It is seen that the agreement is extremely close. It is further assumed that,
while not precise, the computer results have an accuracy at least equal to that of the hand
c-alcula~tions.

1B2. CORRELATION WITH EXPERIMENTAL DATA

Reference 8 presents experimental values for the hydrodynamic force and moment
coefficients of a ventilated rectangular flat plate of aspect ratio, 1/4, at two depth-chord
ratios (. 035 and. 071). The moment coefficients were first converted to center of pressure
"values, x , representing the distance of the center of pressure aft of the L. E. , measured

cp
"in chords. The experimental values of CL, C and xcp were then compared with the

corresponding values obtained from the computer program ("Johnson values'). This com-
parison (not illustrated herein) showed certain fairly systematic discrepancies between the
two sets of values even though the calculated values successfully duplicated all of the

I significant trends obtained in the experiments.

It must now be explained that Johnson's theory has, in the past, been very success-
fully correlated with available experimental data for aspect ratios as low as 1. 0 (Reference
3-7). It was therefore supposed initially that the discrepancies found for the A = 1/4 data
could be attributed to an aspect ratio effect and, accordingly, that the discrepancies could
be eliminated by changing the common denominator, (A + 1), appearing in C and CL2.
(See eqs. (B-2) and (B-3), above.) However, careful examination of the comparative values

showed that much closer correlation could be obtained by use of purely empirical correction
factors which are primarily dependent on angle of attack. Specifically, these corrections are
as follows:

SA) CL and x

It was found necessary to multiple the computed values for both of these
quantities by a factor:

F1 (o() 1.55 sino(

B-3
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[Within the range of the experimental data, this has the effect of appreciably reducing the
calculated CL values and of moving the calculated center of pressure forward.

SB) CD

S: was found necessary to increase the calculated CD values by a constant value:

[a CD .0040

At this time, no theoretical (or other) justification can be offered for the nature
or magnitude of these corrections although it is conjectured that they are primarily related

to the use of a beveled trailing edge on the model ski used in the experiments.

The preceding correction factors were then incorporated directly into the com-
puter program and a new set of computed values obtained. The comparison of these final
computed values with the experimental data is illustrated in Figures B-1 through B-3. It
is seen that well-nigh perfect agreement has been obtained. Further, the negligible residual
discrepancies are well within the experimental Foccuracies indicated in Reference 3-8.

C

[
" I IL

S~B-4
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APPENDIX C

V PLANING STABILITY DERIVATIVES FOR A SKELETON HYDRO-SKI SEAPLANE

SC1. DETERMINATION OF EQUILIBRIUM WETTED SKI LENGTHS

SThe most general ski shape considered herein has constant deadrise and a plan-
form which is basically rectangular but which may have a triangular trailing edge. The[ sketch below shows a sk! of this type:

SW L.I W.L.2

b b, b mox Ib2

SA.42

• ---- L - bo

Obviously, the rectangular, constant deadrise ski is represented by the special limiting 4[ case:

[ lb = 0
By an obvious extension of Shuford's formulas in Reference C-1, the lift coefficient

for a constant deadriee ski with triangular trailing edge and wetted length, 1w, is approxi-
mated as:

1L 3- -L cos2 r isn)+. sin2 Tool3 r cosl

where:

C-1
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In this formula, which, in accordance with earlier sections of this report assumes
"full wave rise", b is the local beam at the water line. Thus, as shown in the preceding
sketch, for water lines occurring on the rectangular portion of the ski:

b b b for I

max'

while, for water lines on the triangular portion of the ski:

b b b .(I/ for I
max w b' fo W

Using the notation:

A= / b , A b I lbb max'

P(r,) = (7r/2) rcos 2 r (1-sin$),

2 3SQ(r,3 )r (4/3) sin r cos"T cos

the lift coefficient can be written concisely as:
1

CLHI =( P + Q) for A>Ab
LH1 A+1b

CLH2 = (A-1 +I P +Q) for A Ab

b

It is thus seen that, for a given ski, CLH1 depends both on A (i.e., on I*) and

r, whereas CLH2 depends only on r.

SThe wetted areas corresponding to the two W. L. locations are:

S~,= ( A- -1Ab) bm2

W1 2 2 a

SV (1/2) A 2/ Ab)b2

Tlese relations can be used for the determination of the ski wetted length in any
specified equilibrium planing condition i.e.,, for specified trim-speed combinations, as
follows. For equilibrium of vertical forces:

C-2
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SLH= W - LA =W -CL()(pA /2)V SwH W- LA LH (PAH w

S _ = WI( i • or, CLH SW(_ V CLA( ') PAi pw) Sw

where CLA( r) represents the known lift curve for the airplane. Hence, the alternate

equations defining the equilibrium wetted length are:

S(1): A Ab:
- 1

+QI( A- - Ab) N

S(2): A 4 Ab Y1/2
[A=2Y-A tN/[(PI A b+ Q]

"where: N - (pA/Pw) (Sw/b ) CLA (r)

.i? Note that the first of these equations requires use of the quadratic formula while the second

is explicit.

C2. UNSTEADY HYDRODYNAMIC LIFT FORCE

j The instantaneous force acting on the heaving and pitching ski is assumed to be
given by the relation:

LH - LH SW( p w/2) Veq

SLH(Pw/2)Veq

L where, in accordance with the "equivalent planing velocity" theory (previously validated for
one degree of freedom), the "hydrodynamic lift area" depends only on the instantaneous
geometry of the ski relative to the (smooth) water surface i.e., on wetted length and ski
trim angle, while the "equivalent planing velocity" is a fictitious steady-state horizontal
velocity which would produce the same lift force under the Instantaneous geometric conditions.

* C-3
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I If there were no pitching velocity, V would be deflined as was done in Section 5.
eq

V V (iieq H 'V cH r

It is obvious that the actual effect of a pitching velocity (about a transverse axis
through the aircraft c. g.) is to induce linear velocities which, at any one instant, vary along
the ski's wetted length. This is clearly equivalent to the production of an instantaneous

I effective ski camber. Further, the effects of such camber on ski lift could presumably be
- ~calculated by a suitable adaptation of Johnson's theory, Reference C-2, for submerged cam-

bered, supercavitating hydrofoils. Primarily because of its complexity, this approach was
rejected as inexpedient.

Instead, it was assumed that the actual effect, as just described, could be ap-
proximated by adding to the "heaving equivalent planing velocity" a term representing the

- component, normal to the ski keel, of the linear velocity induced at the ski-waterline inter-
section, i.e., by taking:

eq V ( -hv colt r -La-- csc rH H 

-H
where the quantity "all is defined by the following sketch:

-. C cg.

. P

kr

W. L.

C-4
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Here, h = heave, instantaneous height of c. g. above W. L., (variable)

p = perpendicular distance from c. g. to ski keel line, positive for ski keel below c. g.,[ (constant for any particular configuration).

q = PT, measured parallel to ski keel line (constant for any particular configuration).

a = • (where C designates ski-W. L. intersection), measured parallel to ski
keel line, positive for P aft of C.

1 = ski wetted length

By trigonometry, it is found that:

a = pcot r - hcsc T

so that:
FI =q+a =

I w + a

. q + pcot r -hcsc T

Hence, the final complete expression for the unsteady hydrodynamic lift .orce becomes:

LH/(Pw /2)V = SLH l Cot (h/VH) - (p cot r - h cscr) cscr (T C/H

where the alternate vaiues of S LH are:

SLH = ( + Q) (A - -Ab)bmax, A Ab

LH A 12 2 ax2/ )b2 A.•Ab
SLH = +Ab Q)'A /2Ab) b max'

I and A= Iw/bmax' Ab =1 b/bmax

P - (r/2)r Cos r (1- sine)

Q = (4/3) sin2 r cos 3 r cost 3

I !C-5
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SC3. UNSTEADY HYDRODYNAMIC PITCHING MOMENT

It is obvious that the "equivalent planing velocity" method utilizes the tacit assumption
that the unsteady longitudinal pressure distribution on the ski is the same as in steady flow
for the same geometric conditions. It follows automatically that the unsteady center of
pressure (c. p.) is the same as the corresponding steady c. p. Consequently, unsteady mom-
ent values can be obtained by locating the unsteady lift force at the steady-state c. p. location.

Section 3.2 gives the steady planing c. p. locations for hydro-skis having rectangular
"and triangular planforms. By a suitable combination of these values, it is possible to devise
an approximate expression for a rectangular ski with a triangular T. E. However, the re-
suiting expression for the hydrodynamic pitching moment would then be excessively complex
and the corresponding stability derivatives even more so.

Instead of this approach, the c.p. of the rectangular ski with triangular T. E. Is
arbitrarily assumed to be located at a fixed fraction of the wetted length, namely, at 75% of
the-wetted length, measured from the trailing edge. Referring back to the preceding sketch,
the ski pitching moment is taken as:

"M H = e L H/cost

where e + q= .751
w

,,,i.e. e = .751 - q

= .75(q +pcotr - hcsc r ) -q

= .75 (p cot r - hcsc r ) - .25q

where, again, p and q are each constant for a particular configuration.

C4. HYDRODYNAMIC STABILITY DERIVATIVES

It Is now a straightforward matter to determine all of the hydrodynamic stability
derivatives. For this purpose, it is convenient to use logarithmic differentiation.

2
Thus: L H C H(p /2) V q2S W

so that, for example,
SHh = LHh + 2 e h SVh

SH LH Veq

C-6
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[with corresponding equations for the other three derivatives of L H and the four

derivatives of MH.

The following results were then obtained:

O ASE I. A >, A b

Equilibrium Values

A) With P, Q, N as defined above, let:
S~P + (1 Ab) Q-_N

b = 2

(P + Q) + N

SQ
Then A+-

2 112

[ B) Iw b A
B) w max

I C) h = sin r [q+p cot r - Iv]

D) CLH= [P/( A +1)] +Q

SE) SW b2  A 1 Ab)
W max( -

SF) LH = CLHSW( Pw/2)VH2

G) f = [/5(pcotr- h cscr) - .25q cosr

II H) MH M fLH

S~C-7
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Stability Derivatives

[CL~hSW]I.1.a) =LH LHh r
LHh H CLH W

L1.1.b) M h MH s H 4
-i. p
where: CLHh b

-_# b m x(A + 1)2 r"
max

"S"h -b /r"
SWh max

f h -75/T

1.2.a) LH T L [CI + SW

LH L L

1.2.b) MH= =LM +W. +
T 2

whee: (7r/2)(1 - sing) (p-h) 21__-

wheLHr (A + 1)2 bmax

+ (r/2)(1-sino) 3( T 2)

(A+ 1)

S+ (8/3) (cos B(r- 1 0-r 3

3

* b (P -h) •

max

f -. 75 (p-h). fr = r'2

SI. 3.a) LH LH (-2/VH r)

C-8
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1.3.b) M Hh = MH (-2/VHr

[ 1.4.a) LHi = LH[_2(p-h)/VHr 2]

r 1.4.b) MH .= MH [-2(p-h)/VH r2]

[ CASE II. A < Ab

[E quilibrium Values

A) With P, Q, N defined above:

A= 2A b( Ab +1)N

[B -P+(Ab+ 1 )Q

B)I = b A
w max

C) h = sin rE [+ p cotr-w

[ D) C LH = [P/(Ab + 1)] + Q (independentof A

E) SW = (bm2  A b)A 2

/2A
F) LH=CHSW(Pw /2) VH

G) f: [.75(pcotr-hcsc )-.25q]/COST

1. H) MS = fLH

' 9
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J Stability Derivatives

Il. 1.a) L LH SW]

1I II1. b) MM[-. .- + #
where: _hbmax A

SWh = ( 3 Ab

"fh = -75/1

11. 2. a) L L I L~lT WT]LTH [CL LH +SW

C S 1
C-HH S W fTj

where: C = 7r/2) (1 -sing) (13 2)whre LHT (Ab + 1) 2•

I S+ (8/3) (cos,8 ) - "101 3)

-b (p-h L
S WT3 = -bm ax T 2 " '

t fT = -. 75(p-h)/T 2

U. 3. a) L Hý = L H(-2 /VH T)

I. 3.b) MHi = MH(-2/VH3)

U.4.a) L L L 2 (p ,-(h)
H. H. LV rIT

C-10
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1I. 4. b) M = -2 (p -h)r V 2

It will finally be noted that these resuiis also cover the case of the completely
rectangular ski. For the latter geometry, it is only necessary to substitute A b = 0

in all of the Case I equations.

rC5. AERODYNAMIC STABILITY DERIVATIVES

In general, the present treatment of the aerodynamic stability derivatives is similar[to that used in the classical analyses of aircraft aerodynamic stability. However, this
treatment also assumes that the four static derivatives, LAT , MAT , LAh MAh, are

known from wind-tunnel tests. It also assumes that the aircraft is of "conventional" aero-
dynamic and propulsive configuration and that the hull does not contribute to any of the four
dynamic (damping) derivatives. Finally, all effects of power on the stability derivatives are[ neglected.

Before proceeding, it must be pointed out that none of these limitations really restrict
the application of the present method. Thus, the dynamic derivatives can actually be mea-
sured by the more elaborate tunnel techniques presently available. Similarly, power-on
derivatives can be measured by suitable wind-tunnel tests of powered models. Further, in
the case of "unconventional" configurations (canards, etc.) the dynamic derivatives can be
estimated, if necessary, by approaches similar to those used herein.

The dynamic values of the aerodynamic lift and pitching moment can be written as:

SLA LA(t-o) + LAt

M =M+M
A A(t-o) At

•I where "( t - o)" signifies values in the absence of the horizontal tail and "t" signifies the
values for the horizontal tail in the presence of the wing.

SThe "tail-off" valihes can be written as:

SLA(t-o) q ACLo(l(t-o) 0weff-G O)sw

I MA(t-) = A CMo((t -o)( (weff- 0(1) Sw

where 0<woeff = cw - (/VH)

SC-Il
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The horizontal tail contributions can be written as:

LAt = QCLo.t 'teff St

MAt -At CL att* t eifft

Ater C= t <

I-:It
whr teff = <weff + 7 -C I1 t

In this expression for a< It Is necessary to account for the effect of "downwash

lag, as follows. The downwash angle is written as:
-as

d de
dweff

w

where e (t) is the downwash angle at the tail at time, t, and oc is the effective wing
w eff

angle of attack at the earlier time:

t' =t - (It /VH)

t

Then, approximately, <weff w- Vf
wH weff

lh 1
t( 1 • de 't •so that: • ( +I-- - - (It-

t eff weff V doew weff V w eff t
H w H

di t . did (0•--)o eff + (r d e weff + t

But Cw= r + iw (I w wing incidence to ski keel)

so that 0C - (h/V +i
w eff H w

w = "- (rh/VH)

d e 1h( "

Hencet , de h F c •C V It., HC ,1

II

c-I 2
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From the preceding expressions, the eight aerodynamic stability derivatives are[ found to be:

r 1.a, LAh = 0*

1.b) MAh = 0*r Ah d
LAr = qA CLo((t-o) w d o(1 - o tI

2. b) Ar q (I-IE)C S I2MA = qA LCM(K(t-o) w d"o( )Lo( t tltw

3.a) L A = -LAr /VH

3. b) M*Ai = -MA /VH

4.a) LdE IVl"4.) LA• = (1 +d-a--qA CL9(t St 't/VH

4.) *dE 24. b) Ar = - +d7 )qACL~t t/VH*w

in addition to these eight derivatives, it is seen that the "downwash lag" effect con-
tributes two additional terms into the equations, both of which are proportional to h.
While these terms represent real effects, they will be neglected herein primarily for
reasons of consistency. If they were retained, consistency would demand inclusion of all

"I *The following remarks are of importance in practical application of the preceding results:
1) In many cases, LAh and MAh are not necessarily zero, even approximately.

I Their actual ialues are best established by direct wind-tunnel tests for "ground effect."
2) The values given above for LAr and MAr are useful for estimation purposes.

It is far better, of course, to utilize the values obtained directly from wind-tunnel tests.I 3) In accordance with conventional practice, an empirical factor, K, has been intro-
duced into the expression for MA * to account for the pitch damping contributions of the

j wing and the hull. It is standard practice to assume that K • 1. .

IC1
SC-1
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other terms proportional to h and t'. While such other tarms exist and are of importance
in flutter analyses, they are customarily neglected in aircraft dynamic stabilitySinvestigations. By way of further justification, it may be noted that the coefficient:

d e ) PA
SLAI; = (d )w CL a(t St et

represents an "added mass" whose value in a typical case is about 2% of the aircraft mass.
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APPENDIX D

[ HYDRO-SKI FORCES AND MOMENTS FOR WAVE RESPONSE COMPUTER PROGRAM

D1. HYDRO-SKI FORCES

The sketches in Figure D-1 show all of the impact (wetted ski) conditions that
can possibly arise while the seaplane is operating in waves. A level water line is showy in
each sketch only for simplicity of illustration but the load estimate for each case is intended
to be applicable to wave conditions. It will be understanding that, in the force calculations,
the resultant velocity vector at the hydro-ski also includes the effect of the rigid-body angu-
lar velocity about the aircraft center of gravity. That is, the linear velc'-ity of the hydro-ski
center of pressure due to aircraft rotation is vectorially added to the translational velocity
so that the hydro-ski is considered to be only in translational motion at any instant.

r Case (1)
SCs( The necessary conditions for Case (1) are:

a) Leading edge at or above water surface;
b) Trailing edge below water surface;
c) Minimum trim. + 30;r d) Lower surface only wetted.

This is the conventional impact condition extensiveJy covered in the literature.
The instantaneous hydrodynamic load is determined by ca", ulating the resultant velocity
component normal to the keel, from which is obtained the equivalent planing velocity for use
in conjunction with the Shuford planing lift formula, given in Section 3.2.

F Case (2)
The necessary conditions for Case (2) are:

a) Leading edge at or below water surface;
b) Trailing edge above water;

I c) Minimum trim, -3O;
d) Lower surface only wetted.

This impact condition is not covered in the literature, either theoretically or
empirically. It is therefore accounted for by assuming that, like Case (1), the resultant
velocity component normai So the keel defines an equivalent planing velocity, which is calcu -

Ui lated by the same method used for Case (1). However, in this case, the equivalent planing 7
I velocity vector is directed toward the right in the following sketch:

D
D-1
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Case s): Lower Suraxce )V~ettCt t" Case (4. LowierSurface Wct~elt3

II

CP%5E (cl): Lower SUrface Wetted. 1  0C < t +30
L ("Two~ - Dimenioriat Imvpac.t")

I. Figure D-1. Sketch Showing Possible Ski-Wave Geometries and Ski Motions in Rough Water

D-
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II

I •
I

VR

I The instantaneous hydrodynamic load is then determined in the same manner as
for Case (1). It is recognized that, for this case, the flow around the leading edge is con-
siderably different from that which it would be if "reversed planing" tests were conducted.
However, it is reasoned that, since much higher pressures are to be expected in the spray
root region at the water line-ski intersection, the error incurred is not significant.

I Case (4)

Case (4) is considered before Case (3) as it is easier to visualize the concept
used to derive an expression for its hydrodynamic loading.

The necessary conditions for Case (4) are:
a) Leading edge at or below water surface;
b) Trailing edge above water surface;[ c) Upper surface only wetted;

Treating the hydro-ski as a flat plate at negative trim moving parallel to the
water surface. a reasonable estimate for the vertical component of its "hydraulic" loading
can be easily developed by applying the impulse-momentum relationship to the change in
velocity direction of the fluid above the leading edge. as indicated in the following sketch:

FH!:

it. m

D-3 "
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I The impulse-momentum relationship is:

II F~ Iat M &VVI

or, I FI -.-IZV I
a t

I
M

where: = mass rate of flow

I AV = velocity increment

For a fluid stratum of thickness h, and a hydro-ski width, b:

M - phbVV

a t H

Also, I AV[ - vsin (- r
-H

With F = LV = vertical lift component.

there is finally obtained:

Lv = phbVH2 sin(- r

I This is taken as the basic expression for the downward force acting on a hydro-
ski planing at a negative trim.

I As it stands. this basic expression does not account for the detailed nature of
the flow past the side edges of the ski. To account for this factor and, also, for possible
"upper surface deadrise, 3 u, this expression is multiplied by a factor:

CD .88 see Bu u • 0°)

CD .88 cos Bu (Pu/ Q°)

D-4
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The second of these terms is an approximation for the well-known Bobyleff drag coefficient
for a wedge in cavity flow and the first is an "ad hoc" estimate for the

u < 0* case for which no theory presently exists.

U

For calculating the hydrodynamic load in this case, the velocity parallel to the
water surface, V is regarded as the equivalent planing velocity, V , corresponding toH' eq'

the resultant velocity component normal to the keel.

[ Case (3)
The necessary conditions for Case (3) are:

a) Leading edge at or above water surface;
b) Trailing edge below water surface;
c) Upper surface only wetted.

Case (3) is treated by the same approach used for Case (2). That is, the re-
sultant velocity component normal to the keel defines the equivalent planing velocity. It
should be noted that the latter is also directed toward the right side of the preceding sketch.

Case (5)
The necessary conditions for Case (5) are:

a) Leading edge at or below water surface;
b) Trailing edge below leading edge;
c) Lower surface only wetted.

This is the conventional submerged supercavitating case which has primarily
been studied for high-speed hydrofoil design. The Johnson supercavitating lift formula,
corrected for finite depth, is used on this case. (See Section D-3 of this appendix.)

Case (6)
The necessary conditions for Case (6) are:

[ a) Trailing edge at or below water surface;
b) Leading edge below trailing edge;[ c) Lower surface only wetted.

This case is treated in a manner identical to Case (5), that is, depth correctionsJ• are still based on the distance from the leading edge to the water surface.

I--
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3 ]Case (8)

Here again, because It is simpler conceptually, Case (8) is treated prior to
Case (7). The necessary conditions for Case (8) are:

a) Leading edge below trailing edge;
b) Trailing edge at or tilow water surface;
c) Upper surface only wetted.

In this case, it is assumed that the cavity to the lower surface extends to the
-• atmosphere so that ventilated (supercavitated) flow exists. However, when near the water

surface, the depth correction factors of Cases (5) and (6) are inapplicable because, unlike
"-. Cases (5) and (6), the fluid region on the positive pressure side of the hydro-ski does not
-. extend to infinity.

SAn approximate solution for this case is therefore established in the following
manner:

1) First, the lift coefficient is determined in the same manner
-. as for Cases (5) or (6) at deep draft, for ventilated flow.

2) A generally different lift force is then also calculated by the
-o same method as was employed for Case (4).

"3) The lower of the two resulting values of lift force is then
-v selected as being the more correct.

Case (7)

The necessary conditions for Case (7) are:

-° a) Leading edge at or below water surface;
b) Trailing edge below leading edge;
c) Upper surface only wetted.

The approach in this case is essentially the same as that for Case (8). That is,
the deep draft calculation is made in exactly the same manner but the effect of water surface

-- proximity is treated as described for Case (5), where the normal velocity component is used
to establish the equivalent planing velocity.

"Case (9)

This conventional two-dimensional impact case is used until bow submergence
occurs, provided that the initial contact trim angles for Cases (1) and (2) are from -3" to
+30. Further, if the hydro-ski deadrise is less than 100, the effective deadrise is taken as

D-6
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100. The virtual mass values derived by J. D. Pierson in Reference D-1 are used to ex-
press the rate of virtual mass growth with keel depth. Pierson's two-dimensional virtual
mass values can be approximated by the formula:F

2 2r rw/(ir/2)pC = .2463 -. 7451 +.802

where: C = wetted semiwidth = (7r"/2) z cot R (Wagner wave rise formula);

[ z = keel draft to undisturbed water line;

[ 13 = deadrise angle, radians

The impact force acting on the hydro-ski in this condition is calculated by inte-l- gration of the hydrodynamic force per unit length over the total wetted length of the hydro-
ski. That is, the fundamental expression for the hydrodynamic force per unit length is:

F dF dV dm
= m-~ + VddFn w

Fds w dt n dt

where: m = virtual water mass per unit length;

[ Vn velocity component normal to the keel;n

In terms of the local draft, z:

dF dVn dz dmaw dz

-mw+ Vn d
ds w dz dt nd d__t

1: Since V = dz /dt,

dV 2dmw

dF m V n 2 dm.w
ds w n dz n dz

When this expression is integrated over the hydro-ski length, it is seen that the
first term is related to the magnitude of the total virtual mass and the rate at which the
normal velocity varies with draft, (i. e., the acceleration) which can be neglected in hydro-
ski impacts. The second term is related to the rate at which the total virtual mass varies
with draft. Accordingly, the differential force, dF, on an elemental strip of length, ds, is
dependent on the chine-water surface relation at that instant. A strip of water (fixed in the

D-D-7
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still fluid) in the "chines-dry" region has a varying virtual mass, while a strip in the "chines
wetted" region has a constant virtual mass. The implications of this statement on the total
hydro-ski load can be best illustrated by considering a constant trim impact of a rectangular
"planform hydro-ski having deadrise, with a constant normal velocity component to the keel.
In this case, prior to wetting of the chine, since the magnitude of the virtual mass -varies
with the square of the wetted width, the hydrodynamic impact force increases parabolicaliy
with draft. After chine immersion has occurred, the virtual mass associated with the
chines-dry region remains constant. However, it is seen that the virtual mass associated
with the chines-wetted region varies Ainearly with the draft, so that under the assumed
"constant velocity impact, the impact load remains constant until the bow submerges. Final-
ly, an aspect ratio correction, I - (1).,21w), is applied to the load calculated by the basic
two-dimensional procedure to account for the finite hydro-ski length.

The hydrodynamic load in a "two-dimensional" hydro-ski impact is, therefore:

F =V 2 drw (Ib ow d
n z11 21•W dsJ

S=V 2 dm b d

2 w 1 w(1- b
n dz w 21 w

T where: 1 actual keel wetted length prior to chine immersion; or

wetted keel length corresponding to the draft at which
j chine immersion occurs.

The growth rate with draft of the virtual mass, dm /dz. is evaluated from

S the analytical expression:

Smw /(ir/2) p C 2 /( r 3/8) p z cot 28 = .246 8 2 .745 R+ .802

2 2

sothat dm w/dz = (.24602-745 +.802)(i7r3/4) p z cot2

where: z = actual draft, prior to chine immersion, or, after chine
"immersion, draft at which chine immersion occurs.

D-8
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S D2. HYDRODYNAMIC MOMENTS

Associated with the hydrodynamic loads for the nine impact conditions described
above are their respective centers of pressure which are required for calculating hydro-
dynamic moments about the aircraft center of gravity. For some of these conditions, the
analytic expressions for centers of pressure have already been established earlier in this
report; for the remainder, a series of simple and plausible approximations have been made,
as will now be described.

S~Case (1):

Shuford formvla; see Section 3.2

F Case (2):

[0. 3 of wetted lengfn forward of ski-water line intersection

Case (3):

0. 3 of wetted length forward of ski trailing edge

[ Case (4):

0. 3 of wetted length aft of ski leading edge

Cases (5), (6), (7), and (8):

Computer subroutine, as described in Appendix B.

Case (9):
I-_

"2/3 of chines-dry wetted length from ski-water line intersection

J D.3. APPROXIMATION FOR JOHNSON'S LIFT FORMULA

Section 3.4 of this report describes a computer program which "automates"
the calculation of ski lift and moment for the submerged ventilated condition. This program
replaces the "manual" Iteration and interpolation procedures required for application of
Johnson's theory. As mentioned in Section 3.4, it was intended to use this program as a
subroutine in the wave response computer program.

When this was attempted, it was found that the total wave response program ex-
ceeded the capacity of Edo's IBM 1130 Computer. To eliminate this difficulty, the venti-
lated flow subroutine was replaced by another much simpler (and slightly less accurate)
program, developed as follows:

D-9
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Johnson's expression for CLi is:

A Cos (D-l)

LI A+ i cos(o<-4i)
where o(1 = CL1/ /rA (D-2)

i and m is a complicated function of o( - o< and dic (depth-chord ratio), shown

graphically in Figure 2 of NACA RML57116.

The quantity, m, is approximated now by the expression:

m =V I . 44(dc).2125] -2.29 (c< -c<. (D-3)

"Eqs. (D-1), (D-2), and (D-3) can be solved for C
Li

CLI = irA - * +

"where: A = skd aspect ratio (b/1)

= effective angle of attack

I €= (I + Cfcosa( 2 Ck cos x

7" = o<(/Ckcos (

C = 1/7r(A+1)

f = 7.r 1 -. 344(d/c)*2125]

k = 2.29

Johnson's value for CL2 is retained:
,L2

C L2  8 .8/(A +I Isin2 0( Cos 0

D-10
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and his expression for the center of pressure is approximated by:

r X = (. 3 12 5 CL1 + .5CL2)/CL

where X is measured from the ski L. E.

r
REFERENCES FOR APPENDIX D

SD-1 Experimental Towing Tank, Stevens Institute of Technology, Note 137:
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